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Abstract 
Acylphosphatase (AcP) is a small enzyme (around lOkDa) that catalyzes the 
hydrolysis of carboxyl-phosphate bond in acyl phosphates. It is used as a paradigm for 
the formation of insoluble protein aggregates known as amyloid fibrils; and as a model 
to study the correlation with simple biophysical parameters such as hydrophobicity, 
secondary structure propensity and net charges. Despite being studied extensively, the 
structure of any human AcP is not known. The crystal structure and enzymatic 
parameters of human common-type acylphosphatase (Hu CT AcP) was determined. 
Comparison of the mesophilic Hu CT AcP and AcP from a hyperthermophilic archaeon 
Pyrococcus horikoshii (Ph AcP) provides us information about the activity and 
flexibility relationship of enzyme. 
Further, we are interested in the mechanism of enzyme-substrate interaction. 
Enzymatic assay and isothermal titration calorimetry (ITC) were performed to examine 
the relationship between the structures of substrate analogues and their binding affinities 
to AcP. Such structure-affinity study would provide insights into the interaction essential 
to enzyme-substrate complex. Thermodynamics of the interaction of substrate analogue 
with various AcPs were further studied by ITC. In particular, the effect of the salt bridge 
at the active site of Ph AcP on the binding was investigated. This salt bridge is absence 
in mesophilic AcP; and it is suspected to reduce the flexibility of the Ph AcP active site 
and lead to a reduced catalytic efficiency of Ph AcP at lower temperature. 
To date, there is no enzyme-substrate analogue or enzyme-transition-state analogue 
structure available for any AcP. Structural change of Hu CT AcP upon binding of 
substrate is indicative of the motion required for enzymatic catalysis, and helps 
understanding the catalytic mechanism. Soaking of apocrystal and cocrystallization 
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Chapter 1 Introduction 
1.1 Acylphosphatase 
Acylphosphatase (EC 3.6.1.7) (AcP) is a small cytoplasmic enzyme (around 10 
kDa) that is widely distributed in all three domains of living organisms: eukarya, 
bacteria and archaea. It catalyses with high specificity the hydrolysis of the carboxyl 
phosphate bonds of acyl phosphates such as 1,3-bisphosphoglycerate, 
carbamoylphosphate and succinylphosphate, which are essential intermediates in 
glycolysis, the TCA cycle, pyrimidine biosynthesis and the urea cycle. ^  
o o 
II H.O II 
R - C - O - P O 3 R - C - O H + Pi 
Hydrolysis 
The biological role of AcP is not fully understood. Although there is some debate 
about the exact biological function of AcP, it is increasingly apparent that it plays a role 
in all metabolic processes, in which AcP is most notably involved in glycolysis and 
pyrimidine biosynthesis.^ In these processes AcP is suggested to be involved in 
feedback mechanism or control of intracellular level of carbamoylphosphate and 
1,3-bisphosphoglycerate. It hydrolyzes 1,3-bisphosphoglycerate to 3-phosphoglycerate, 
and thereby uncouples the ATP-generating reaction catalyzed by phosphoglycerate 
1 
kinase.2’3’4’5 its role in increasing the rate of glycolysis is further supported by the 
increase in the content of AcP in chicken muscle after hatching, where glycolysis is 
fully active;^ and fact that the enzyme is overexpressed in tissues that are active in 
glycolysis, such as the brain, heart, skeletal muscle and retina.^ 
2+ + 
AcP can hydrolyze the p-aspartyl phosphate intermediate of the Ca - and Na， 
K+-ATPases and may play a role in regulating ion transport across membrane/'^'^ For 
example, AcP can stimulate the ATP-dependent Cs?^ transport of cardiac sarcoplasmic 
reticulum Ca^ ^ pump by speeding up the turnover of the ATPase from the 
phosphorylated form to the unphosphorylated form. AcP was also shown to cleave the 
phosphodiester bond of nucleoside diphosphate and nucleoside triphosphate.^ ® 
AcP has been isolated and characterized from a number of mammalian and avian 
species (e.g. h o r s e , c o w , ^ ' ' ^ ' ' ^ ' human?," rabbit/' guinea-pig,chicken，' 
turkey2i)，as well as from fish and fruit fly.22.23,24 There has also been study on 
25 26 
acylphosphatase from archaea origin.， 
AcP is studied extensively as a model for the formation of insoluble protein 
aggregates known as amyloid fibrils. AcP has been induced to form in vitro amyloid 
fibrils that closely resemble those observed in clinical cases�？ for the understanding of 
the molecular mechanism of amyloid diseases such as Alzheimer's, Parkinson's and 
prion diseases. A number of mutants of AcP were created to study their effects on 
2 
protein stability and their tendency to form aggregation. The aggregation rate was 
shown to correlate well with simple biophysical parameters like hydrophobicity, 
^ o 
secondary structure propensity and net charges. Mutations that destabilize the native 
state of this enzyme have been shown to promote aggregation by populating the 
partially unfolded intermediates that serve as a precursor to insoluble 
a g g r e g a t e s . 2 W i ’ 3 2 ’ 3 3 , 3 4 , 3 5 
The structures of AcPs from various species have been determined. The structure 
of horse muscle-type AcP was determined by NMR spectroscopy严 the structures of 
16 37 
common-type AcP from bovine testis, and AcP from Drosophila, the 
O� 
hyperthermophilic archaeon Pyrococcus horikoshii, and recently a thermophilic 
archaeal AcP from Sulfolobus solfataricus were determined by X-ray crystallography.^^ 
3 
1.2 Human acylphosphatase 
Mammalian AcPs are classified into two isoforms, muscle type (MT) and the organ 
common-type (or erythrocyte-type, CT). The amino acid sequences of the two 
isoenzymes in different animal classes are highly conserved, which share more than 
50% sequence identity.^^ The former one is highly expressed in skeletal muscle and 
heart, and the latter one is expressed in all tissues, with particularly high level in 
38 
erythrocytes, brain and testis. Both enzymes exhibit similar kinetic properties. 
Enzyme kinetics of human AcPs has been determined, and the mutagenesis 
experiments performed on human AcPs led to the identification of two catalytic 
residues: Arg23 and Asn41.39，4o’4i ^j.g23, located at the N-terminal of helix-1, is 
involved in binding the phosphate group of the substrate. Asn41，on the other hand, was 
proposed to bind an active site water molecule that serves as the attacking nucleophile 
for hydrolysis of carboxyl phosphate bond. 
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1.3 Hyperthermophilic Pyrococcus horikoshii acylphosphatase 
AcP has also been used as a model for the activity, stability and flexibility 
relationships of enzyme. It has been observed that thermophilic enzyme can function 
and remain active and stable at elevated temperatures. However, they are often less 
active, and at the same time more rigid than their mesophilic counterparts at lower 
temperature.42,43，44,45，46，47 Rigidity is thus proposed to be the cause for the less catalytic 
efficiency for thermophilic enzyme, and it has been proposed that flexibility plays a 
major role in the differences in activities among psychrophilic, mesophilic and 
thermophilic enzymes.'^ ^ Apparently, thermophilic enzymes are evolved to strike a 
balance among activities, stability and flexibility，AcP from a hyperthermophilic 
archeaon that grows at 90-105°C Pyrococcus horikoshii, (Ph AcP), is a good model to 
address how enzyme adapts to remain stable and active at extremely high 
temperatures .25 
Ph AcP was found to be extremely thermostable, with a melting temperature of 
111.5°C. It is less efficient than other mesophilic homologues at 25°C, with hat value 
much smaller then those of other mammalian AcPs. Yet the thermophlic enzyme is fiilly 
active at the optimal growth temperature of P. horikoshii. The structure of Ph AcP has 
been solved for the structural insight in its enzymatic catalysis and thermostability 
(Figure 1.1). It adopts an a/p sandwich fold that is common to other AcP. The reduced 
5 
catalytic efficiency of Ph AcP at 25°C is probably a result of a more rigid active site, 
which is stabilized by extra charge-charge interactions. It may also due to a less flexible 
active site residue Arg20, which forms a salt bridge to the C-terminal carboxyl group. 
Mutations that destruct the salt bridge，which increased the flexibility of the active site, 
have been shown to increase the catalytic efficiency of the thermophilic AcP. 
6 
Figure 1.1 Structure of Ph AcP 
The top panel shows the structure of Ph AcP with the active site residues Arg20 and 
Asn38 shown. The bottom panel shows Ph AcP structure with the salt bridge shown, in 
which the active site Arg20 forms a salt bridge to the carboxyl group of the C-terminal 
Gly91. 
7 
1.4 Human common-type acylphosphatase as a mesophilic homologue of 
Pyrococcus horikoshii acylphosphatase 
Human common-type acylphosphatase (Hu CT AcP) can act as a mesophilic 
homologue for comparison of data obtained for Ph AcP. Comparison of the mesophilic 
and thermophilic proteins helps to investigate the activity and structure relationship of 
enzyme, also as models for the understanding of thermostability and thermo-activity. 
Our hypothesis is the mesophilic Hu CT AcP has a more flexible active site that 
contributes to its greater catalytic efficiency at 25°C than the thermophilic Ph AcP. To 
prove that we will determine the enzyme kinetics of Hu CT AcP by continuous optical 
assay, using benzoyl phosphate (BP) as substrate; and to determine the structure of Hu 
CT AcP by x-ray crystallography. 
Although it has been widely studied as a paradigm for amyloid fibril formation, the 
structure of any Hu AcP is not known. Determining the structure of Hu CT AcP helps to 
investigate the mechanism of protein aggregation. Solving the structure of Hu CT AcP 
is also essential for mutagenensis studies on the homologous protein. 
8 
1.5 Enzyme-substrate interaction of acylphosphatase 
To our knowledge, there has been no structure of enzyme-substrate analogue 
available for AcP so far. To yield better understanding of the catalytic mechanism, 
enzymatic assay and isothermal tirtration calorimetry (ITC) were performed to study the 
binding affinities of various substrate analogues to Hu CT AcR Comparison of the 
structures of substrate analogues and their binding affinities would indicate essential 
chemical structures for binding, and thus provide insights into the interaction between 
the enzyme and the substrate in the formation of the complex. 
The interaction of substrate analogue with different AcPs will be further studied by 
ITC, in particular the effect of the salt bridge on substrate binding will be investigated. 
Such thermodynamic study would provide a partition of the binding energy into its 
entropic and enthalpic component, through which we can yield understanding of the 
nature and magnitude of the forces involved in binding.^ ® 
In order to find out the enzyme-substrate analogue complex which provide 
structural model of motions that may contribute to catalysis, the soaking approach and 
cocrystallization will be attempted to obtain the cocrystal structure. 
9 
Chapter 2 Materials and methods 
2.1 Preparation of Escherichia coli competent cells 
Escherichia coli (E. coli) strain C41 was streaked from a frozen stock onto the 
surface of an LB agar plate. The plates were incubated at 37�C for overnight. Single 
colony was picked from the plate and was inoculated to 5ml of LB medium. The 
medium was incubated at 37�C at 250 rpm until its ODeoo reached 0.3 to 0.4 (about 3 
hours). The culture was inoculated to 100 ml LB medium and incubated at 37°C at 
250rpm until ODeoo reached 0.4 to 0.5 (about 2 hours). The culture was then cooled 
down on ice for 5 minutes and then centrifuged at SOOOrpm (rotor JLA-16.25, Beckman) 
for 10 minutes at 4�C. The bacterial pellet was resuspended in 40ml RFl and then kept 
on ice for 5 minutes. The bacterial suspension was then centrifliged again at SOOOrpm 
for 10 minutes at 4°C. The bacterial pellet was then resuspended in 4ml RF2 and kept 
on ice for 15 minutes. The cells were then aliquoted in 100|LI1 per tube into 1.5ml 
microfuge tubes and frozen in liquid nitrogen. The competent cells were then stored 
at -80°C until further use. 
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2.2 SDS-polyacrylamide gel electrophoresis 
2.2.1 Preparation of polyacrylamide gel 
All SDS-polyacrylamide gel was prepared and run with the Mini-PROTEAN III 
electrophoresis cell and system (BioRad Laboratories, Inc.). The glass plates were 
cleaned by water and 70% ethanol and wipe clean by lint-free tissue paper. The gel cast 
was assembled according to the manufacturer's instruction. Seperating gel was first set 
and then stacking gel on the top. The gel solution was prepared (Figure 2.1). 
Separating Gel (15%) Stacking Gel (5%) 
dH20 1.9ml dHzO 2.0ml ~ 
4x Buffer，pH 8.8 2.0ml 4x Buffer, pH 6.8 0.89ml 
30% Acrylamide 4.0ml 30% Acrylamide 0.6ml 
10% APS lOO i^l 10% APS ^ 
TEMED TEMED ^ 
Table 2.1 Reaction mixture for SDS-polyacrylamide gels preparation 
About 3ml of the separating gel mixture was transferred to the gap between the 
glass plates of the casting system. About SOOjil isopropanol was carefully loaded to the 
surface of the gel to keep the gel boundary smooth and horizontal. The atmospheric 
oxygen was kept out of the polymerizing gel by the layer of isopropanol. 
Polymerization of acrylamide was completed in around 15 minutes. After the separating 
gel was set, the isopropanol layer was removed and the gel surface was rinsed by dH20. 
About 2ml 5% stacking gel solution was added on top of the separating gel and a 10- or 
15-well the comb was inserted to the gap between the glass plates. 
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2.2.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
After the gel was set the comb was removed and the wells were washed with dHsO. 
The gel cassette was then assembled into the electrophoresis cell. Both the inner and 
outer chamber was filled with SDS running buffer. 2X SDS gel loading buffer was 
added with the same volume as the sample, and heated at 98°C for 10 minutes. The 
mixture was then centrifliged at 13,000rpm for 5 minutes to remove debris. 5-15|il of 
sample supernatant was loaded to each well. The electrophoresis was performed at 
constant current of 35mA per gel until the dye font reached the bottom of the separating 
gel. The gel was then removed from the glass plates and stained with Coommassie 
Brilliant Blue to visualize the bands. 
2.2.3 Staining of protein in polyacrylamide gel by Coommassie Brillant Blue R250 
After SDS-PAGE, the gel was immersed in about 50ml staining solution overnight 
at room temperature with constant shaking. The gel was then destained by soaking it in 
the destaining solution overnight at room temperature with constant shaking. The 
destaining solution may need to change several times until the destaining was 
completed and the protein bands were clearly seen. After destaining, the gel was 
equilibrated in dHsO and dried by wrapping in a glassy paper over a plastic plate. 
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2.3 Expression and purification of Protein 
2.3.1 General bacterial culture, harvesting and lysis 
E. coli C41 cells was transformed with the expression plasmid. The competent 
cells were thaw on ice. l|al of the transforming DNA plasmid was added to the 
competent cells. The cells were cold shock on ice for 10 minutes and then heat shock at 
42°C for two minutes. After that, the cells were put on ice for further cold shock 10 
minutes. The transformed cells were spearded onto a LB-agar plate with ampicillin and 
incubated overnight at 37°C for the selection of successfully transformed cell. 
The colonies were picked and inoculated into 25ml of LB containing 100|ig/ml of 
ampicillin and incubated at 37°C, with shaking at 280rpm for 4 hours. 20ml of the 
starting culture was then added to 2L of M9ZB with 100|ig/ml of ampicillin. The 2L 
culture was separated equally to four 2L conical flasks and incubated at 37°C with 
shaking at 280rpm until the ODeoo reached 0.4-0.6, when IPTG was added to a 
concentration of 0.2mM to induce protein expression. The cell was further incubated at 
37°C for 20 hours. 1ml culture before and after induction were collected for analysis of 
expression by SDS-PAGE. 
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After the incubation, the cells were harvested by centrifligation at SOOOrpm at 4°C 
for 5 minutes. The cell pellet is then resuspended in 20mM Tris pH7.5 (buffer A) with 
0.5mM PMSF, and lysed by pulse sonication of 5 cycles of 2 minutes. The cell 
suspension was sonicated by the sonicator (Sonic & Materials，Vibra cell) with a normal 
probe at 80% output, pulsed at 4s. The cell suspension was put in an ice bath in the 
process so as to absorb the heat generated, which may denature the protein. 50|xl lysate 
was kept for SDS-PAGE anaylsis and the rest lysate was centrifliged at 15,000rpm 
(rotor JA-30.5, Beckman) for 30 minutes at 4�C. 
2.3.2 Purification of acylphosphatase 
2.3.2.1 Ion-exchange chromatography 
AcP was soluble in the supernatant and the pellet containing the cell debris was 
discarded. 5ml Phamacia Hitrap™ SP-Sepharose ion exchange column (SP column) 
(Amersham Biosciences), a cation exchange column was used. The SP column was 
equilibrated with buffer A with a flow rate of 6ml/min, through an AKTAprimeTM 
System (Amersham Pharmacia). It was then washed using buffer A with IM NaCl, in 
order to wash away any proteins remained in the column. The column was washed 
again with buffer A to wash away the NaCl salt. 
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The supernatant of the cell lysate was filtered with 0.22|im filter and applied onto 
the SP column prepared. The protein was eluted using an ascending linear gradient of 
0-1M NaCl in buffer A over a volume of 300ml at 3ml/min. The fractions were 
collected at 6 ml/tube by fraction collector. AcP was eluted at about 0.2M NaCl. The 
elution profile measuring OD280 and conductivity was recorded by the recorder and the 
fractions collected were analyzed by SDS-PAGE. 
2.3.2.2 Size excision chromatography 
The fractions containing the AcP were collected and subjected to gel filtration. 
Phamacia HiLoad™ 26/60 Superdex 75 column (Amersham Biosciences) was 
employed through an AKTAprimeTM System (Amersham Pharmacia). The sample was 
concentrated to less than 5ml for a shape elution. 
The gel filtration column (about 350ml) and the sample loop were first washed and 
equilibrated with the 0.2M NaCl in buffer A with a flow rate of 2.5ml/minute. The 
sample was filtered with 0.22|im filter and injected into the sample loop. The fractions 
were collected at 6ml/tube by fraction collector. The elution profile measuring OD280 
and conductivity was recorded by the recorder and the fractions collected were analyzed 
by SDS-PAGE. 
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2.3.3 Protein concentration determination 
Spectrophotometer (Eppendorf) was used for quantify the amount of proteins. 
Protein concentration was calculated by measuring the optical density at 280nm. The 
reading was taken by the Eppendorf BioPhotometer and the quantification of protein 
was determined by the following equation: 
A = £ • c • 1 
where A = absorbance at OD 
280 
£ = extinction coefficient 
c = protein concentration (M) 
1 = path length of cuvette, 1 cm. 
The extinction coefficient of Hu CT AcP and its mutant is 13940，while for Ph AcP 
and its mutant it is 24040. The extinction coefficients were calculated by the ProtParam 
tool. 
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2.4 X-ray crystallography 
2.4.1 Crystallization of Hu CT AcP 
The three dimensional structure of AcP was determined by X-ray crystallography. 
The purified Hu CT AcP were dialyzed overnight against 50mM Tris buffer at pH 8.8 
and concentrated to lOmg ml'^  for crystallization. Crystallization condition screening 
was carried out using the Crystal Screen 1 and 2 kits from Hampton Research. 
Crystallization was performed at 289K using the sitting-drop-vapour-difflision method 
on 96-well Greiner Crystal Quick plates (Hampton Research). For each well, two drops 
were produced: one made up of l\i\ each of reservoir solution and protein solution and 
the other made up of l|al reservoir solution and 2[il protein solution. 
Crystals that diffracted to a resolution of better than 1.5人 were obtained directly 
from the screen and no further optimization of crystallization conditions was performed. 
Crystals were cryoprotected by soaking the crystals in mother liquor with 20%(v/v) 
PEG 400 for 1 minute. The crystal was then loop-mounted and placed in a stream of 
nitrogen at lOOK. X-ray diffraction data were collected on an R-AXIS IV++ 
imaging-plate system using a rotating copper-anode X-ray source (Rigaku 
MicroMax-007 with VariMax optics). A total of 120 images were collected at 1° 
oscillations, with an exposure time of 10 minuntes and a crystal-to-detector distance of 
80mm. The images were processed with d*TREK (Rigaku/MSC). 
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2.4.2 Model building and structural refinement 
Data were processed with MOSFLM, SCALA, and TRUNCATE in the CCP4 
suite.5i Molecular replacement was performed with the program MOLREP^^ using all 
data in the resolution range up to 3.0人.All atoms from the crystal structure of bovine 
common-type acylphosphatase (PDB code were included in the search model. 
The initial phases of the model were determined. 
Simulated annealing protocols with torsional molecular dynamics implemented in 
CNS were used in the initial refinement cycles. Model building was performed with 
XTALVIEW54 guided by OA-weighted maps with 2Fo - Fc and Fo - Fc coefficients. 
Water molecules were located in the Fo - Fc map with peaks of density >3.06. Only 
water molecules that can form hydrogen bonds to other protein or water atoms were 
kept. After several rounds of refinement in CNS, REFMAC was used for further 
refinement. The final model is tested by PROCHECK.^^ 
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2.4.3 Crystallization of Hu CT AcP-substate analogue complex 
Initial conditions were obtained by Crystal Screen 1 and 2 kits and Index Screen 
from Hampton Research, performed at 289K using the sitting-drop-vapour-diffusion 
method on 96-well Greiner Crystal Quick plates (Hampton Research). The purified Hu 
CT AcP were dialyzed overnight against O.IM NaOAc，pH5.3 and adjusted to 10 mg 
ml-i. Fine tuning of crystallization condition and mass production of apocrystals of Hu 
CT AcP was performed at 289K using the sitting-drop-vapour-diffusion method on The 
Cryschem Plate 24 well sitting drop plates (Hampton Research). For each well the 
reservoir was made up of 1ml the reservoir solution, and protein solution was made up 
of 3\d reservoir solution and 3|il protein solution. Attempt to obtained cocrystal 
structure by soaking was performed by soaking Hu CT AcP crystals in the mother 
liquor dissolved with lOmM of S-BA for 10 minutes, 30 minutes, 2 hours, 4 hours or 
overnight; and were cryoprotected by soaking the crystals in mother liquor with 30mM 
S-BA and 20%(v/v) PEG 400 for 1 minute. X-ray diffraction, model building and 
structural refinement were performed as previously described. 
Cocrystallization was performed using Hu CT AcP sample of lOmg ml"^  added 
with lOmM of S-BA in O.IM NaOAc，pH5.3. Initial conditions were obtained by 
Crystal Screen 1 and 2 kits and Index Screen, performed at 289K using the 
sitting-drop-vapour-diffusion method on 96-well Greiner Crystal Quick plates. Further 
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attempt of fine tuning the crystallization condition and mass production of cocrystals of 
Hu CT AcP was performed at 289K using the sitting-drop-vapour-diffusion method on 
96-well Greiner Crystal Quick plates. Crystals were cryoprotected by soaking the 
crystals in mother liquor with 20%(v/v) PEG 400 for 1 minute. X-ray diffraction, model 
building and structural refinement were performed as previously described. 
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2.5 Enzymatic Assay 
2.5.1 Preparation of benzoyl phosphate 
BP was prepared by chemical synthesis" To synthesize BP, 120ml of water, 76ml 
of pyridine and 40ml of IM K2HPO4 were first mixed. 20g (90mM) of benzoic 
anhydride was added with stirring to the above solution. The reaction was carried out at 
room temperature until benzoic anhydride was completely dissolved. 140ml of IM 
LiOH was added and the mixture was poured into 2.4L of cold ethanol with stirring. 
After 30 minutes at -20�C，the precipitate was collected by centrifugation at SOOOrpm 
for 15 minutes. The pellet was resuspended with cold ethanol and collected by 
centrifugation at SOOOrpm for 15 minutes. The pellet was then resuspended with cold 
ether and collected by centrifugation at 3500rpm for 15 minutes. The product was left to 
dry overnight under vacuum. 
The BP synthesized needed to be further purified before use. The product from the 
previous step was dissolved in cold water as a 2%, milky solution of a pH of around 10. 
It was adjusted to pH5-6 with acetic acid. A clear solution was formed with minute 
amount of precipitates in around 2 hours. The un-dissolved material was discarded by 
filtration. 0.37 volumes of cold ethanol were slowly added with stirring. The suspension 
was kept at -20°C for 30 minutes. The precipitate was collected by centrifugation at 
3500rpm for 15 minutes. The pellet was resuspended with cold ethanol and collected by 
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centrifUgation at 3500rpm for 15 minutes. The pellet was then resuspended with cold 
ether and collected by centrifugation at 3500rpm for 15 minutes. The product was left to 
dry overnight under vacuum. 
The above purification procedure was repeated for least 2 more times to increase 
the purity of BP. The product was left to dry overnight under vacuum. 
2.5.2 Purity check of the BP synthesized 
Molecular Probe® EnzChek® Assay Kit was used to measure the concentration of 
inorganic phosphate ion (Pi). In the presence of Pi, the substrate 
2-amino-6-mercapto-7-methylpurine riboside (MESG) is converted enzymatically by 
purine nucleoside phophorylase (PNPase) to ribose 1-phospo MESG. Enzymatic 
convertion of MESG results in a spectrophotometric shift in maximum absorbance from 
330nm for the substrate to 360nm for the product. Sensitivity of the assay is in the range 
of 2 to 150|xMofPi. 
A standard curve of absorbance at 360nm at different Pi was created using the kit 
(Table 2.2). 
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Final Pi 0 1 3 5 10 20 30 40 50 Ts1100 1125 |l50 
Content (^ iM) 
dH20 (nl) 740 738 734 730 720 700 680 660 640 590 540 490 440 
20X reaction 50 50 50 50 50 50 50 50 50 50 50 50 50 
buffer (^ il) 
MESG(^d) 200 200 200 200 200 200 200 200 200 200 200 200 200 
500^M Pi 0 2 6 10 20 40 60 80 100 150 200 250 300 
Standard (^ il) 
PNPase (nl) 10 10 10 10 10 10 10 10 10 10 10 10 10 
Final volume 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 
(J^ I I I I I I I I I I I I I 
Table 2.2 Reaction mixture for standard curve of Pj 
The purity of synthetic BP was then checked by 2 sets of reaction (Table 2.3). The 
first set of reaction measure the amount of Pi present in the synthetic BP (Table 2.3a)， 
while the second set of reaction measure the amount of Pi in the synthetic BP after 
hydrolysis catalyzed by Hu CT AcP (Table 2.3b). By comparing the amount of Pi before 
and after the hydrolysis, the purity of the synthetic BP can be calculated in form of 
percentage. 
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[BP] (^iM) 0 20 ko 80 
dH20(nl) 740 738 736 732 
20X reaction buffer(^il) 50 ^ ^ ^ 
MESG(^il) 200 200 200 200 
IQmM BP(|il) 0 2 4 8 
PNPase(ial) ^ ^ ^ 
Final volume(til) 1000 1000 1000 1000 
a) Reaction mixture for original [Pi] determination in BP 
Reaction mixture for BP hydrolysis 
[BP] (|iM) 0 m ^ m 
NaOAc ([il) 980 970 960 940 
lOmM BP (lal) 0 10 ^ 40 
lOuMAcP(^l) 20 ^ ^ ^ 
Final volume(ijJ) 1000 1000 1000 1000 
[BP] (^iM) 0 ^ 40 ^ 
dH20(^l) 540 540 540 540 
20X reaction buffer(til) 50 ^ ^ ^ 
MESG(^il) 200 200 200 200 
Reaction mixture ( i^l) 200 200 200 200 
PNPase(iil) m ^ W 
Final v o l u m e ( � 1000 1000 |lOOO |lOOO 
b) Reaction mixture for [Pi] determination after BP hydrolysis 
Table 2.3 Reaction mixture for purity check of BP 
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2.5.3 Determination of kinetic parameters of Hu CT AcP 
The enzymatic activity of AcP was measured using a continuous optical assay with 
BP as substrate. BP is hydrolyzed by AcP to benzoate and inorganic phosphate. pH 5.3 
was chosen for the determination of kinetic parameters since it is the optimum pH for 
Acpi. Substrate was incubated with 0.8, 1 or 2nM of Hu CT AcP in 0.1 mM of NaOAc 
at pH 5.3 at 25°C, and the rate of hydrolysis was monitored by the decrease of the 
absorbance at 283nm at which the extinction change between BP and benzoate has the 
maximum absorbance difference. The kinetic parameters, Km and kcat were determined 
by measuring the initials rates at different substrate concentration, ranging from 0.05 to 
2mM and fitting the data to the substrate inhibition equation. Concentrations and 
volumes of each component in the reaction mixture are shown in Table 2.4. Each scan 




Where v is the initial velocity of the reaction 
Vmax is maximum velocity 
[S] is the substrate concentration 
Km is the Michaelis-Menton constant 
Ks is the substrate inhibition constant 
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[BP] (Mm) lOmM BP (ul) 0.08,0.1,0.2mM AcP(ul) O.lMNaOAc (ul) 
0.05 15 ^ 2955 
0.06 18 30 2952 
0.08 ^ 30 2946 
OJ ^ ^ ^ 
0.12 ^ ^ 2934 — 
0.15 ^ W 
^ ^ 2910 
0.25 75 ^ 2895 
03 ^ 30 2 m 
^ ^ 
^ 2820 
0 ^ ^ 2730 
1 m ^ 
O ^ ^ 2 5 ^ 
U ^ 
2 ^ ^ 
0.5 (control) 150 0 
Table 2.4 Reaction mixture for Hu CT AcP enzyme assay 
26 
2.5.4 Determination of A/value of substrate analogue 
OmM，0.1 mM, 0.15mM, 3mM and 5niM of imidodiphosphate (PNP) or creatine 
phosphate (CP), or OmM, O.lmM, 0.2mM, 0.25mM, 0.5mM and ImM of 
S-benzyloxycarbonylthiosulfonic acid (S-BA) and inorganic phosphate ion (Pi) were 
added to the reaction mixture, which contain O.OSmM to 2 mM of BP and InM of Hu 
CT AcP, in O.IM NaOAc，pH5.3 at 25°C. All substrate analogues used are commercially 
available from Sigma-Aldrich. The enzymatic reaction was monitored by the decrease 
of absorbance at 283nm. By measuring the initial rates and fitting the data into the 
substrate inhibition equation, the kinetic parameters Km and kcat were determined. 
The Ki value was obtained by plotting the apparent Km against the substrate 
analogue concentration. It is the concentration of the inhibitor which the apparent Km of 
BP equals to zero. The X- and Y-intercepts were obtained by linear regression. The 
X-axis intercept equals the negative Ki and the Y-axis intercept equals the Km. 
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2.6 Isothermal titration calorimetry 
Calorimetric measurements were carried out using a Nano ITC-III isothermal 
titration calorimeter (Calorimetry Sciences Corporation). In each experiment, the 
subatrate analogues were titrated to the protein solution present in the 1ml sample cell. 
During titration, the reference cell was filled with dHsO water. The protein was 
extensively dialyzed in O.IM NaOAc buffer (pH 5.3) and adjusted to a concentration of 
l.SmM. Protein concentrations were determined by UV spectroscopy using the specific 
absorption at 280 nm calculated by the ProtParam tool. The substrate analogue solution 
contained 30mM of the corresponding inhibitor was dissolved in the same dialyzing 
buffer as the protein, this is to minimize artifacts arising from mismatched buffer 
components. Solutions were filtered to remove any precipitated material, and degassed 
at 298K under vacuum for 10 minutes immediately prior to the titration experiments to 
remove residual air bubbles. Upon experimental setup, the protein solution present in 
the sample cell was stirred at ISOrpm. After a stable baseline had been achieved the 
titration was initiated. Titrations were carried out using 25 injections of 4|il. The raw 
experimental data were represented as the amount of heat produced per second 
following each injection as a function of time. The amount of heat produced per 
injection was calculated by interaction of the area under individual peaks by the 
BindWorks software (Calorimetry Sciences Corporation). 
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The amount of heat evolved on addition of ligand can be represented by: 
And to determine n, Ka, and bJi the previous equation is represented in terms of 
the binding constant and total ligand concentration [L]t to obtain the quadratic: 
Q = {n{M]x^HVo)l2 
{l+[LV("[M]t)+l/("火。[M]tM(l+[L]tMM]t)+l/("iC^[M]t)]2-4[L]t/(4M]t)]iZ2} 
Where Vo is the volume of the cell 
AH is the enthalpy of binding per mole of ligand 
[M]t is the total macromolecule concentration including bound and free fractions 
Ka is the binding constant 
[L] is the free ligand concentration 
Experimental heats of the protein-ligand titration were corrected for heats of 
dilution and buffer-buffer interactions by subtracting the average heat of the last three 
measurements after saturation of the protein binding sites has occurred. Single-site 
binding mode with a stoichiometry of one was used for fitting the data points. The all 
measurements were carried out at least in duplicate. Given energy values, binding 
constants and standard deviations were derived from data fitting and subsequent 
averaging of the corresponding measurements. 
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2.7 Reagents and Buffers 
2.7.1 Reagent for competent cell preparation 
RFl 
30mM KOAc，lOOmM RbCb, lOmM CaCb, 50mM MNCH, 15% Glycerol, pH 5.8 
adjusted by acetic acid. The buffer was sterilized by filtering through a 0.2^im filter. 
Rr2 
lOmM MOPS, 75mM CaCb, lOmM RbCb, 15% glycerol, pH 6.5 adjusted by KOH. 
The buffer was sterilized by filtration through 0.2ixm filter. 
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2.7.2 Media for bacterial culture 
LB 
25g of LB powder was mixed with dH20 with the final volume of IL. The mixture was 
autoclaved. 
LB agar plate 
15 g agar per litre was added per litre of LB. The mixture was autoclaved. Suitable 
antibiotic was added to the agar when the agar was hand-hot. About 20ml of the LB 
agar medium was then poured to each plate. 
M9ZB 
The medium was prepared by adding Ig NH4CI, 3g KH2PO4，6g Na2HP04, lOg tryptone 
and 5g NaCl in IL dH20. After autoclaving the medium, 1 ml MgS04 and 10 ml 20% 
glucose solution. 
40% Glucose solution 
40g glucose (Sigma) is completely dissolved in 100ml ddHiO and filtered with a 
0.22\im filter (Schleicher & Schuell). Store at 4°C. 
Ampicillin stock solution 
lOg of Ampicillin sodium salt (USB) is dissolved in 100ml of ddHsO and sterile filtered 
by 0.22^im filter (Schleicher & Schuell). Store at -20°C. 
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2.7.3 Reagent for SDS-PAGE 
lOX SDS running buffer 
30.2g Tris-base, 188g glycine and lOg SDS were mixed with dH20 with the final 
volume of IL. 
4X Separating gel buffer, pH 8.8 
36.4g Tris-base and 10ml 10% SDS were mixed with dH20 with the final volume of 
200ml. Then the pH was adjusted to 8.8 using NaOH and HCl. Store at 4°C. 
4X Stacking gel buffer, pH 6.8 
12g Tris-buffer and 8ml 10% SDS were mixed with dH20 with the final volume of 
200ml. Then the pH was adjusted to 6.8 using NaOH and HCl. Store at 4°C. 
2X SDS-PAGE loading buffer 
100 mM Tris-HCl, pH 6.8, 200 mM DTT，4% SDS, 0.2% bromophenol blue，20% 
glycerol. Long-term storage at -20°C or short term at 4°C. 
Staining solution 
45% (v/v) methanol, 10% glacial acetic acid, 0.25% (w/v) Coomassie Brilliant Blue 
R250 dissolve in ddHiO. The stain can be reused multiple times. 
Destaining solution 
30% technical grade ethanol and 10% glacial acetic acid in dHsO. 
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2.7.4 Buffer for AcP purification 
Ion exchange chromatography, buffer A 
20mM Tris-Base，pH 7.5，adjusted by 5M HCl 
Ion exchange chromatography, buffer B 
20mM Tris-Base, IM NaCl, pH 7.5，adjusted by 5M HCl 
Size excision chromatography buffer 
20mM Tris-Base, 0.2M NaCl, pH 7.5，adjusted by 5M HCl 
2.7.5 Buffer for enzymatic assay and ITC 
O.IM NaOAc，pH 5.3，adjusted by glacial acetic acid 
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Chapter 3 Structural determination of human common-type acylphosphatase 
3.1 Introduction 
Human AcP is used as a paradigm for the formation of insoluble protein aggregates 
known as amyloid fibrils; and as a model to study the correlation with simple 
biophysical parameters such as hydrophobicity, secondary structure propensity and net 
charges.28 Despite being studied extensively, the structure of any human 
acylphosphatase is not known. 
In this study, the crystal structure of Hu CT AcP was determined. The structure of 
Hu CT AcP provides structural information for the investigation of of protein 
aggregation mechanism. 
Comparison of the mesophilic Hu CT AcP and AcP from a hyperthermophilic 
archaeon Pyrococcus horikoshii (Ph AcP) provides us information about the activity, 
stability and flexibility relationships of enzyme. Solving the structure of Hu CT AcP is 
also essential for mutagenensis studies on the homologous protein. 
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3.2 Expression and purification of Hu CT AcP 
The Hu CT AcP was successfully expressed and purified. Sample was collected at 
each step of the expression and purification procedure for SDS-PAGE analysis of the 
Hu CTAcP (Figure 3.1). 
Hu CT AcP was overexpressed after E. coli. were transformed with expression 
plasmid and induced by IPTG and grown overnight at 37�C. Bacteria were collected by 
centrifUgation，and were lysed by sonication. Hu CT AcP was found in the soluble 
fractions. The soluble fraction was filtered and loaded to SP column and Hu CT AcP 
was eluted at 0.2M NaCl. The fractions collected were concentrated to 5ml and then 
loaded to gel filtration column. The Hu CT AcP was eluted at 220ml. 
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Figure 3.1 Hu CT AcP was overexpressed in E. coli and purified 
Low molecular weight marker (Sigma) was used in the SDS-PAGE analysis (lane 1). 
E. coli. showed no expression of Hu CT AcP (lOkDa) before induction (lane 2). Hu CT 
AcP was overexpressed in E. coli. after induction by IPTG overnight at 37°C (lane 3), 
bacteria was collected by centrifugation, and were lysed by sonication (lane 4). Hu CT 
AcP was found in the soluble fraction (lane 5) but not in the pellet (lane 6). The soluble 
fraction was filtered and loaded to SP column (lane 7), and was eluted at 0.2M NaCl 
(lane 8). The fractions collected were concentrated to 5ml and then loaded to gel 
filtration column. The eiution volume of Hu CT AcP was 220 ml (lane 9). 
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3.3 Structure of Hu CT AcP was determined by X-ray crystallography 
3.3.1 Crystallization of Hu CT AcP 
Initial conditions were obtained by Crystal Screen 1 and 2 kits from Hampton 
Research. Crystals of the Hu CT AcP grew in a broad range of conditions containing 
polyethylene glycol 4000 or 8000 as precipitants at pH4.6-7.5 (Table 3.1). 
The best crystals were obtained by mixing 1ml 10%(v/v) 2-propanol, 20%(w/v) 
PEG 4000，O.IM Na HEPES buffer pH7.5 (condition No. 41 of Crystal Screen 1) with 2 
ml lOmg ml-i protein sample. The crystals grew to maximum dimensions of around 0.1 
X 0.1 X 0.2mm in 2 days. Crystals that diffracted to a resolution of better than l.SA were 
obtained directly from the screen and no further optimization of crystallization 
conditions was performed (Figure 3.2). 
Crystals were cryoprotected by soaking the crystals in mother liquor with 
20%(v/v) PEG 400. The crystal was then loop-mounted and placed in a stream of 
nitrogen at 100 K. X-ray diffraction data were collected using a rotating copper-anode 
X-ray source. A total of 120 images were collected at 1° oscillations, with an exposure 
time of 10 minutes and a crystal-to-detector distance of 80mm. Pseudo-precession 
images generated with HKLVIEW^^ revealed an mmm Laue symmetry. Reflection 
conditions h = 2n’ k = 2n, I = In were observed, indicating the presence of a twofold 
screw axis on all axes. The space group is Pl{l\lu with unit-cell parameters a = 42.58， 
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b = 47.23，c = 57.26 人.Matthews coefficient (Vu) analysis^^ suggests that the 
asymmetric unit contains one molecule of AcP, giving a Vm value of 2.6 A^ Da] and a 
solvent content of 52%. Diffraction data were integrated and scaled to a maximum 
resolution of 1.45A. 
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Conditions Crystal obtained 
30% PEG 8000, 0.2 M Ammonium 
Sulfate 
l v I H ^ I B (Needles) 
30% PEG 8000, 0.2 M Ammonium 
Sulfate m n ^ m i i i 
k (Needles) 
15% PEG 8000, 0.5 M Lithium S u l f a t e ~ , ^ 
K 
H K V ^ k J (Bundles of needles) 
10% PEG 6000, 2.0 M Sodium Chloride 
1 
MMmrnimmimm^  jl(Bundles of needles) 
30% PEG 4000, 0.1 MNa Citrate pH 5.6, ^ ^ ^ 
0.2 M Ammonium Acetate « 
crystals) 
4.3 M Sodium Chloride, ^BMBF' 
0.1 M Hepes pH 7.5 
^ H I H k . . (irregular crystals) 
Table 3.1 Hu CT AcP crystals were grown in a board range of conditions 
Crystals of Hu CT AcP of different forms and dimensions were grown in a broad range 
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Figure 3.2 Crystals of Hu CT AcP used for structural determination 
Crystals of Hu CT AcP grown from 10% isopropanol, 20% PEG 4000, O.IM Na HEPES 
buffer pH 7.5 at 289K, sized around 0.1 x 0.1 x 0.2 mm. The bottom panel shows a 
diffraction image of Hu CT AcP collected to 1.45 A. 
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3.3.2 Model building and structural refinement 
Molecular replacement was performed using all data in the resolution range up to 
3.0 A. All atoms from the crystal structure of bovine common-type acylphosphatase 
(PDB code 2ACY) ^^  were included in the search model. The initial phases of the model 
were successfully determined. Simulated annealing protocols with torsional molecular 
dynamics implemented in CNS^^ were used in the initial refinement cycles. Model 
building was performed with XTALVIEW^" .^ 
After several round of refinement in CNS, R E F M A C w a s used for further 
refinement. Alternate conformations were introduced to explain the side-chain electron 
density for 6 residues (D43, S56，K57, T67, K7, K88), and hydrogen atoms were added 
in the riding positions. The final model has an Rcryst of 21.6% and an Rfree of 22.8% and 
is of good quality as tested by PROCHECK^^ and WHATIF^°. The statistics for 
diffraction data and structure refinement are summarized in Table 3.2. 
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diffraction data 
space group P2i2i2i 
unit cell dimensions [a, b, and c (A)] a=42.58, b=47.23, c=57.26; a=P=7=90° 
resolution range 17.70-1.45(1.50-1.45) 
temperature (K) 100 
number of measurement 89366 
number of unique reflection 20888 
redundancy 4.28 (2.97) 
completeness (%) 99.1 (95.4) 
i ? m e r g e ( % ) 3 . 2 ( 2 8 . 9 ) 
mean//d(/) 19.8 (2.9) 
Refinement 
i^cryst ( % ) 2 1 . 6 % 
/?free (%) 22.8% 
Model 
number of protein atoms 1564 
number of water atoms 355 
mean lva lue (A^) 16.985 “ 
rmsd from ideal values 
bond distance (A) 0.012 
bond angles (deg) 1.325 
Ramachandran plot analysis 
most favored region (%) 92.5% 
additional allowed region (%) 7.5% 
Other regions (%) 0% “ 
Table 3.2 Crystallographic data and refinement statistics 
Values in parenteses are for the highest resolution shell. 
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3.3.3 Hu CT AcP shares a same a/p sandwich fold structure as other AcP 
The structure of Hu CT AcP adopts an a/p sandwich fold that is common to other 
AcP (Figure 3.3). The structure shows a five-stranded mixed p sheet with 2 a helices 
running parallel to the p sheet. The p sheet is slightly curved with a right-handed twist. 
The a helices protect one side of the p sheet, whereas the other side is exposed to 
solvent. Hydrophobic residues from the a helices and p sheet intercalate to from the 
core of the enzyme. The overall structure reveals a very compact protein. The twisted p 
sheet follows a 4-1-3-2-5 p-strand homology. There is no loop between strand-3 and 
helix-2. The loops between the secondary elements are relatively short at the bottom 
side of the molecule, whereas at the top they are slightly longer. 
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f t 
Figure 3.3 The a/p sandwich fold tertiary structure of Hu CT AcP (P.T.O) 
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Figure 3.3 The a/p sandwich fold tertiary structure of Hu CT AcP 
The upper panel shows the front view and lower panel shows the side view with its 
orientation 90° to the upper panel. The structure adopt an a/p sandwich fold that is 
common to other AcPs, consisting of a 5-stranded mixed p sheet with 2 a helices 
running parallel to the P sheet. The p strands are labeled as pi-ps； the a helices are 
labeled as al and a2; the loops connecting the secondary structure elements of Hu CT 
AcP are labeled L1-L5. The p strands are colored in yellow; the a helices are colored in 
red; the loop region is colored in green. 
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3.4 Discussion 
3.4.1 Active site structure of Hu CT AcP is the same as those of bovine CT AcP and 
PhAcP 
Bovine CT AcP is a mesophilic AcP which have high primary structure homology 
with Hu CT AcP. Ph AcP is a thermophilic homologue that our group have been 
working on for the study of the activity, stability and flexibility relationships of 
enzyme.25 The amino acids sequence alignment of Hu CT AcP, bovine CT AcP and Ph 
AcP shows that Hu CT AcP and bovine CT AcP share around 90% homology in their 
primary sequence, while PhAcP shares around 30% sequence to the two eukaryotic 
homologues (Figure 3.4). 
The mutagenesis experiments performed on bovine AcP led to the identification of 
two catalytic residues Arg23 and Asn41.39’4o，4i The active site is found to be conserved 
in Hu CT AcP. Arg23 appears to be the main binding site for the phosphate group of the 
substrate. While Asn41 presumably involved in binding and orientating the catalytic 
water molecule, which serves as the attacking nucleophile for hydrolysis of the 
carboxyl-phosphate bond. The crystal structure shows that the Arg23 side chain is near 
Asn41, forming a conserved active site as observed in other AcP structure (Figure 3.5). 
The structures of Hu CT AcP, bovine CT AcP^^ and Ph AcP^^ are compared (Figure 
3.6). All three of them adopt a structure of a/p sandwich fold, consisting of a 5-stranded 
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mixed p sheet with 2 a helices running parallel to the p sheet. The structures of their 
active sites are also similar, each with a substrate binding arginine and water binding 
asparagine lying close to each other (Figure 3.7). 
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Figure 3.4 Sequence alignment of Hu CT AcP, bovine CT AcP and Ph AcP 
Hu CT AcP has around 90% sequence homology with bovine CT AcP; the thermophilic 
Ph AcP has around 30% sequence homology with the other two mesophilic AcP. 
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Figure 3.5 Active site residues of Hu CT AcP, Arg23 and Asn41 
It was proposed that Arg23 binds the phosphate group of the substrate and Asn41 binds 
an active site water molecule that serves as the attacking nucleophile for the hydrolysis 




Figure 3.6 Hu CT AcP, bovine CT AcP and Ph AcP share the similar overall 
structure 
Superimposing Hu CT AcP (red), bovine CT AcP (green) and Ph AcP (blue) reveals a 
similar overall structure. All of them adopt a structure of a/(3 sandwich fold, consisting 
of a 5-stranded mixed P sheet with 2 a helices running parallel to the p sheet. 
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Figure 3.7 Hu CT AcP, bovine CT AcP and Ph AcP share the similar active site 
structure 
Superimposing Hu CT AcP (red), bovine CT AcP (green) and Ph AcP (blue) reveals a 
similar active site structure. Each active site is composed of a substrate binding arginine 
and water binding asparagine lying close to each other. For Hu CT AcP and bovine CT 
AcP the active site residues are positioned as Arg23 and Asn41; for Ph AcP the 
corresponding active site residues are Arg20 and Asn38. 
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3.4.2 Absence of salt bridge between the active site residue and the C-terminal may 
contribute to the higher catalytic efficiency of Hu CTAcP 
The reported values of enzymatic parameters of different AcP were compared 
(Table 3.3). The Km values of Hu CT AcP, bovine CT AcP and Ph AcP are similar, which 
are around 0.1 mM, using BP as substrate at 25°C and pH5.3. The kcat value of Hu CT 
AcP is similar to that of bovine CT AcP, both mesophilic AcP have kcat value of around 
1000 In contrast, the kcat value of PhAcP, a themophilic AcP, is less than 100 s"^ 
which is much smaller than that of mesophilic AcR 
It has been suggested that the decreased catalytic activity of Ph AcP is due to the 
decreased flexibility of the active site residue Arg20，which forms a salt bridge to 
C-terminal carboxyl group of At the corresponding site of the Hu CT AcP 
structure and that of the bovine CT AcP structure, the salt bridge was not found (Figure 
3.8). 
The salt bridge between C-terminal carboxylate group and the Arg20 of Ph AcP 
requires the backbone of Gly91 to adopt an unusual phi angle of around 180°. As for Hu 
CT AcP, the Lys98 at the C-terminal flip to the other side and is unable to form salt 
bridge with the active site Arg23. The flexibility of the active site residue is probably 
the reason why Hu CT AcP and bovine CT AcP can have a much higher catalytic 
efficiency when compare to Ph AcP. 
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Enzyme hat (s]) Km (mM) kcJ Km {s^ImM)— 
Hu CTAcp23 ^ 0.15 9470 
Bovine CTAcp6i 1524 0.11 12700 
PhAcp25 ^ ^ 779 
Table 3.3 Enzymatic parameters of human CT AcP, bovine CT AcP and Ph AcP 









Figure 3.8 Salt bridge at the active site is only observed in Ph AcP (P.T.O.) 
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Figure 3.8 Salt bridge at the active site is only observed in Ph AcP 
The structures of Hu CT AcP, bovine CT AcP and Ph AcP are shown with their 
respective active site Arg and C-terminal residues shown The lowest panel shows the 
same active sites by superimposing the three structures. The salt bridge is represented 
by yellow dotted line. Ph AcP has a salt bridge between the active site Arg20 and the 
terminal Gly91. Such structure is not found in Hu CT AcP or bovine CT AcP. 
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Chapter 4 Characterization of interaction between acylphosphatase and 
substrate analogues 
4.1 Introduction 
Unlike the catalytic properties of AcP, which have been studied extensively, little 
is known about the structural and thermodynamic basis of its substrate binding. It has 
been demonstrated that the phosphate moiety of the substrate is the main chemical 
group interacting with the enzyme active site in the formation of the enzyme-substrate 
complex.62 It was proven by the assay on AcP-catalyzed hydrolysis of acyl phosphates; 
substrates differing in the acyl moiety structure elicit very close Km values, showing that 
they have similar affinity to AcP. Moreover only the inorganic phosphate inhibits the 
catalysis; the acyl end of the hydrolysis product of BP, the benzoate, shows no 
inhibition. Although much data are available regarding the possible substrate and the 
structure-activity relationships, details about the properties of substrate binding are 
unclear; and there is no structure of the enzyme-substrate or enzyme-transition-state 
analogue for AcP available. 
In order to yield better understanding of the mechanism of enzyme substrate 
interaction, the binding affinities of different substrate analogues to AcP were studied. 
Relationship between their structures and their affinities to AcP reveals the essential 
chemical groups for the interaction with AcP. 
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4.2 Selected substrate analogues 
Selected substrate analogues for AcP include S-benzyloxycarbonylthiosulfonic acid 
(S-BA), imidodiphosphate (PNP) and creatine phosphate (CP). They are structurally 
similar to the substrate of AcP, the acyl phosphate; and are non-hydrolysable (Figure 
4.1). Inorganic phosphate ion (Pi) is the hydrolysis product of AcP and a known 
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Figure 4.1 Structures of the substrate analogues 
Selected substrate analogue for AcP includes S-benzyloxycarbonylthiosulfonic acid 
(S-BA), imidodiphosphate (PNP) and creatine phosphate (CP). Inorganic phosphate ion 
(Pi), the hydrolysis product and a known competitive inhibitor of AcP, was also used as 
a control. The structure of the substrate used in the continuous optical assay benzoyl 
phosphate (BP) is also shown. 
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4.3 Characterization of AcP-substrate analogue interaction by enzymatic assay 
4.3.1 Enzyme kinetics of Hu CT AcP was determined by the continuous optical 
assay of BP hydrolysis 
Recombinant Hu CT AcP has been demonstrated to be active using BP as the 
substrate. Substrate inhibition of AcP was evident at BP concentration larger than 
around ImM. The inhibition of the substrate BP on the catalysis of Hu CT AcP was 
investigated by increasing the substrate concentration for the enzyme to react to 2 mM. 
The data generated from the experiment was plotted as a graph of initial rate (Vo, y-axis) 
against substrate concentration ([S], x-axis). Instead of having a hyperbolic curve which 
is a characteristic of Michaelis-Menten reaction, the reaction rate dropped at substrate 
concentration higher than ImM of BP, which indicates substrate inhibition at higher 
concentration of BP (Figure 4.2). 
The kinetic parameters, Km and kcat were determined by obtaining the Vo at the 
different substrate concentrations and fitting the data to the substrate inhibition equation. 
At 25°C, pH5.3，the Km and kcat values were 0.087土 0.009mM and 1440土 50s'^ 
respectively. The substrate inhibition constant Ks was determined to be 0.322土 
0.028mM. 
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Figure 4.2 Enzyme kinetics of Hu CT AcP at 25°C 
Reaction was started by adding 0.8, 1 or 2nM of AcP to O.IM NaOAc buffer containing 
0-2mM of BR Hydrolysis of BP was monitored by decrease in absorbance at 283nm, 
and the data was fitted to an exponential decay to obtain the initial rate (Vo). Substrate 
inhibition of AcP was evident at BP concentration larger than around ImM. The Km, hat’ 
and Ks were 0.087mM, 1440s"^  and 0.322mM respectively, as obtained by fitting the Vo 
at different BP concentrations to the substrate inhibition reaction: 
厂mJ到 
^ H 火 J 
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4.3.2 Substrate analogues were found to be competitive inhibitor to the 
AcP-catalyzed BP hydrolysis 
To test the hypothesis that the substrate analogues bind to the active site and inhibit 
the catalytic hydrolysis of acyl phosphate by AcP, and to quantify their inhibition to the 
activity of AcP, enzymatic assay was performed. Substrate analogues in the 
concentration of OmM, ImM, 1.5mM of PNP or CP, or OMm，0.2mM and 0.25 of S-BA 
and Pi was added to determine the Vo at different BP concentrations. 
To investigate the mode of inhibition of substrate analogues to AcP, a 
Lineweaver-Burk plot was plotted for each substrate analogue (Figure 4.3), except for 
CP in which there was no inhibition observed in the concentration range studied. All of 
the plots exhibited a common Y-axis intercept (same Vmax) and X-axis intercepts that 
decrease (larger Km) with increasing concentration of substrate analogue, which is a 
characteristic of competitive inhibition. 
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Figure 4.3 Substrate analogues inhibited the hydrolysis of BP by catalyzed by Hu 
CT AcP in a competitive manner (P.T.O) 
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Figure 4.3 Substrate analogues inhibited the hydrolysis of BP catalyzed by Hu CT 
AcP in a competitive manner 
A Lineweaver-Burk plot was plotted for each substrate analogue (except for creatine 
phosphate in which there was no inhibition observed for the concentration range 
studied). The common Y-axis intercepts (same Vmax) and X-axis intercepts that decrease 
(larger Km) with increasing concentration of inhibitor is characteristic of competitive 
inhibition. 
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4.3.3 S-BA was the best competitive inhibitor against AcP-catalyzed BP hydrolysis 
Further OmM to 5mM of PNP or CP, or OmM to 1 mM of S-BA and Pi were added 
to determine the Km at different BP concentrations. The Ki value of each substrate 
analogue was obtained as the X-axis intercept by plotting the apparent Km against the 
substrate analogue concentration (Figure 4.4). The smaller the Ki value, the greater the 
inhibitory effect of the substrate analogue to AcP, which implies a stronger binding to its 
active site. Ki for S-BA, Pi and PNP were 0.1 OmM, 0.18mM and 1.95mM respectively; 
Ki for CP was not determined as there was no inhibition observed for in concentration 
range studied. S-BA was shown to be the best competitive inhibitor against the 
hydrolysis of BP by Hu CT AcR 
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Figure 4.4 S-BA was shown to be the best competitive inhibitor for BP hydrolysis 
catalyzed by Hu CT AcP 
The Ki value of each substrate analogue was obtained as the X-axis intercept by plotting 
the apparent Km against the inhibitor concentration. Ki for S-BA, Pi and PNP were 
0.1 OmM, 0.18mM and 1.95mM respectively; Ki for CP was not determined as there was 
no inhibition observed for in concentration range studied. S-BA was shown to be the 
best competitive inhibitor against the hydrolysis of BP by Hu CT AcP. 
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4.3.4 S-BA was shown to be a competitive inhibitor for both Hu CT and Ph AcP 
The same enzymatic assay was performed using Ph AcP to confirm that the same 
competitive inhibition occurs, as observed in Hu CT AcP. The Ki for Pi and S-BA were 
0.18mM and 0.1 OmM; while for Ph AcP the 尺 for Pi and S-BA were 0.06mM and 
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Figure 4.5 S-BA was shown to be a competitive inhibitor for both Hu CT AcP and 
Ph AcP 
For Hu CT AcP the Ki of Pi and S-BA were 0.18mM and 0.1 OmM; for Ph AcP the A：/for 
Pi and S-BA were 0.06mM and 0.05mM. S-BA was shown to be a competitive inhibitor 
against the hydrolysis of BP by both Hu CT AcP and Ph AcP. 
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4.4 Characterization of AcP-substrate analogue interaction by thermodynamic 
study 
4.4.1 Enthalpy change was observed for the association between substrate analogue 
and AcP 
To investigate the association between the substrate analogues and Hu CT AcP, ITC 
was used for the thermodynamic characterization. Results from ITC would provide 
fundamental information about the molecular interactions driving the association 
process. The data analysis will produce three parameters, stoichiometry {n\ the 
association constant {Ka\ and the standard enthalpy changes (A//) for the binding of 
substrate analogues to Hu CT AcP. 
4.4.2 S-BA was shown to bind Hu CT AcP with high affinity in ITC study 
The interaction of S-BA, Pi, PNP and CP with Hu CT AcP was measured using ITC. 
A typical ITC trace, showing raw and integrated data, is show in Figure 4.6. The top 
panel of Figure 4.6 shows the raw calorimetric data, denoting the amount of heat 
produced (positive exothermic peaks) following each injection of substrate analogue. 
The area under each peak represents the amount of heat produced upon binding of S-BA 
to Hu CT AcR As the titration progresses, the area under the peaks becomes smaller due 
to an increased occupancy of the enzyme by the substrate analogues. The bottom panel 
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of Figure 4.6 shows the plot of the amount of heat generated per injection. The smooth 
solid line represents the best fit of the experimental data. The sigmoidal shape of the 
plot in the bottom panel of Figure 4.6, with numerous data points throughout the curved 
portion, facilitates determination of the midpoint of the transition and thus the 
stoichiometry of the binding. 
The association constant Ka, reflecting the strength of binding, is around lOOOOM'^  
for S-BA and Pi, and around 3000M'^  for PNP; while there was no observable enthalpy 
change for CP. Comparison of the thermodynamic parameters from ITC reveals that 
S-BA binds Hu CT AcP with a high affinity similar to Pj (Table 4.1). The dissociation 
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Figure 4.6 ITC for the interaction of S-BA to Hu CT AcP 
Titration of Hu CT AcP with of S-BA yields exothermic heat release. The upper and 
lower panels represent the raw calorimetric and fitted data respectively. 
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Kg (M-1) Kd (mM) A/f (kJ mol 力 
S-BA 10800土 1500 0.093土 0.013 -9.58 土 1.25 
PNP 3200±1800 0.313 士0.176 -2.98土 0.74 — 
Pi 10200士2500 0.098士0.024 -8.36土 0 .28 
Table 4.1 S-BA was shown to bind Hu CT AcP with high affinity in ITC study 
The Ka values reflect the strength of affinity of the binding, which is around 3000M"^ 
for PNP, and around lOOOOM'^  for S-BA and Pi ；while there was no observable enthalpy 
change for CP. S-BA was shown to bind Hu CT AcP with a high affinity similar to Pi. 
The dissociation constant Kd, which equals to MKa of each substrate analogue, is also 
shown. 
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4.5 S-BA was found to be the best substrate analogue for AcP 
Result from the enzymatic assay and ITC complement each other. Both the Ki 
value and Ka value reflect the strength of binding of the substrate analogue to Hu CT 
AcP. Ki is obtained from measuring the binding of ligand to the active site and the 
resulting inhibition on catalysis, while Ka (or Kd) is obtained from measuring the 
binding of ligand to the active site and the resulting heat release. In our study the Ki and 
Kdof each substrate analogue are of the same order of magnitude. 
The result from both studies tells that CP binds Hu CT AcP with the least affinity, 
the binding is not effective in which the Ki and Ka could not be determined. PNP binds 
Hu CT AcP with some affinity，but much lower than that of that S-BA and Pi. Both 
S-BA and Pi binds AcP with a 0.1 mM range binding affinity, in which S-BA is even a 
stronger competitive inhibitor than Pi as shown in enzymatic assay. 
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4.6 Discussion 
4.6.1 Structure-affinity study of substrate analogue reveals chemical structures 
essential to interaction with AcP 
As observed by the enzymatic assay and ITC study CP has the least affinity to AcP, 
followed by PNP and Pi, while S-BA processes the highest affinity to AcP. The 
differential affinities of our substrate analogues can be explained by the difference in 
their chemical structures. The structure-affinity relation can reveal the essential 
interaction of substrate to AcR 
Comparison of the structures of the acyl phosphates and substrate analogues points 
to the importance of the carbonyl group and the bridge oxygen for the enzyme-substrate 
interaction. CP processes a C=N bond (a hydrogen donor) instead of a C=0 bond (a 
hydrogen acceptor) as the carbonyl group as in an acyl phosphate. Moreover CP does 
not have an oxygen as the bridge atom between the phosphate moiety and the rest of the 
molecule. It is a nitrogen atom (a hydrogen donor) instead of the bridge oxygen (a 
hydrogen acceptor) between the phosphate moiety and the acyl moiety as in a acyl 
phosphate. No interaction was observed for CP and AcP in both enzymatic assay and 
ITC study, the least affinity of CP to AcP among all substrate analogues suggests that a 
hydrogen acceptor at the position of the carbonyl group and the bridge oxygen is 
important for the interaction with the active site. 
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For PNP a nitrogen atom is positioned between two phosphate moieties. It is 
believed that while one phosphate moiety of PNP mimics that of acyl phosphate, the 
other one can act as the carbonyl group in acyl phosohate; the latter one can as a 
hydrogen acceptor in forming hydrogen bond with the active site, though the 
stereochemistry of phosphate (sp^ hybridisation; tetrahedral shape) is different from the 
carbonyl group (sp^ hybridisation, trigonal planar shape). This extra interaction over CP 
explains why PNP has a higher affinity to AcP when compared to CP. 
In contrast to CP and PNP, the affinity of Pi to AcP is much stronger. This suggests 
that the bridge oxygen or a hydrogen acceptor instead of a donor at the corresponding 
position is crucial in the interaction. 
For S-BA it processes a carbonyl group and a sulphur atom is located at the bridge 
oxygen position. The highest affinity of S-BA to AcP among all substrate analogues and 
even Pi is explained by the procession of these two chemical structures. Though sulphur 
is less electronegative and a weaker hydrogen acceptor then oxygen, S-BA binds AcP in 
a even stronger affinity than Pi as indicated by enzymatic assay. The presence of 
carbonyl group in S-BA compensates less desirable effect from sulphur for hydrogen 
bond formation. Nevertheless the presence of a hydrogen acceptor instead of a hydrogen 
donor at the bridge oxygen position will not hinder the interaction as in CP. 
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Taken together, the structure-affinity relation of the substrate analogues reveals that 
the carbonyl group and the bridge oxygen of the substrate are important to its 
interaction with AcP. A hydrogen acceptor is required in those positions, probably for 
the hydrogen bonds with the residues at the active site. 
4.6.2 Structure-affinity study of substrate analogues is consistent with docking 
model of AcP with acetyl phosphate 
Although there is no structure of the enzyme-substrate or enzyme-transition-state 
analogue for AcP available, a model for enzyme-substrate interactions was obtained for 
Ph AcP by docking stimulations.^^ Acetyl phosphate was docked to the active site of Ph 
AcP containing a bound water molecule (Figure 4.7). It was proposed that the bound 
water serves as a nucleophile for catalysis.^^ The bound water is positioned in such a 
way that its O atom aligns along a straight line with the phosphorus atom and the bridge 
O atom of acetyl phosphate and is ready for an in-line attack on the phosphate group. 
This docking model is consistent with the results obtained from the structure-affinity 
study of substrate analogues. 
In the structure-affinity study it is observed that the absence of a hydrogen acceptor 
at the carbonyl group in CP leads to least affinity of CP to AcP among all substrate 
analogues. The docking model also suggests that the carbonyl group of the substrate act 
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as a hydrogen acceptor for the formation of hydrogen bond to the guanido group of the 
active site Arg20. Such interaction of carbonyl group with the active site arginine may 
contribute to the substrate specificity of AcP and may help to stabilize the negative 
charge developed on the leaving group. 
As proven by the results of structure-affinity study of substrate analogue, the bridge 
oxygen of the substrate is essential for the interaction with the active site of AcP. The 
absence of a hydrogen acceptor at such position leads to the low binding affinities of CP 
and PNP to AcP. In the stimulated docking model, a hydrogen bond is observed 
between the bridge oxygen of acetyl phosphate and the backbone amide group of Glyl8 
on active site cradle. 
To summarize, the importance of the carbonyl group and bridge oxygen as hydrogen 
acceptor in the formation of hydrogen bonds with the active site is proven by both 
structure-affinity study and the docking model of AcP with acetyl phosphate, and the 
ranking of the affinities of substrate analogues to AcP can be explained as follow: CP 
has the least affinity to AcP since it do not process a carbonyl group as a hydrogen bond 
acceptor for the backbone amide on the active site cradle; both CP and PNP do not have 
a hydrogen acceptor for the active site arginine; S-BA processes the highest affinity to 
AcP among all the substrate analogues studied since it has both the chemical features 
and thus can form the interactions required as observed in the docking model. 
76 
% ^ Q15 ^ G 1 6 
1 
Figure 4.7 Acetyl phosphate was docked to the active site of Ph AcP with the 
presence of a water molecule 
Extensive hydrogen bonds are observed in the enzyme-substrate complex and 
represented by dotted lines. Highlighted is the hydrogen bond observed between the 
carbonyl group of acetyl phosphate and the guanido group of Arg20; highlighted in 
cyan in green is the hydrogen bond observed between the bridge oxygen of acetyl 
phosphate and the backbone amide of Glyl8. 
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4.6.3 Validation of docking model by crystal complex structure 
The complex model obtained by docking stimulation is validated by crystal structure 
of Ph AcP G91A (unpublished data, by Ms. Sonia Y. Lam). A phosphate ion and a 
water molecule were found at the active site, in which the bound water is positioned 
with its O atom aligns along a straight line with the phosphate. The phosphate ion is 
located and orientated in such a way that it makes extensive hydrogen bonds to the back 
bond amides of the active cradle (Figure 4.8 upper panel). Superimposing the docking 
complex to the bound crystal structure reveals an identical active site structure (Figure 
4.8 lower panel). 
The phosphorus atom of the acetyl phosphate in the docking complex and the 
phosphate ion in the crystal structure overlap each other. The methyl group of acetyl 
phosphate is pointing away from the active site cradle. Given that the position of the 
phosphate is fixed, this is the only orientation of the methyl group that does not 
introduce steric hindrance to the protein molecule, yet allows the hydrogen bond 
formation between its carbonyl group and the active site arginine. This arrangement also 
agrees with the previous hypothesis that the acyl moiety of the substrate does not 
contribution in the interaction in the complex formation. The water molecules are also 
conserved, and ready for the nucleophilic attack on the phosphate group. Such 
comparison of computational docking model to experimental data proves its validity. 
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Figure 4.8 Superimposing the docking complex to bound crystal structure reveals 
an identical active site structure 
The crystal structure of Ph AcP G91A was solved with a phosphate ion and a water 
molecule (green) at the active site as shown in the upper panel. The lower panel shows 
the same structure with the stimulated docking structure of Ph AcP with acetyl 
phosphate and a bound water (red) superimposed. 
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4.6.4 Structural basis of substrate inhibition in Hu CT AcP 
4.6.4.1 Substrate inhibition is observed in Hu CT AcP 
Substrate inhibition is a special case of uncompetitive inhibition which occurs at 
high substrate concentrations. It is primarily caused by the presence of non-productive 
binding of substrate to the active site. The kinetics data on Hu CT AcP was fitted to the 
substrate inhibition equation, and the Km (0.087土 0.009mM) and kcat (1440土 50 s]) 
determined was similar to that of previous study. The Kg determined was 0.322士 
0.028inM. The low Ks relative to Km {KJKm is around 3.5) leads to a leveling off of the 
rate of reaction at high substrate concentrations. 
4.6.4.2 Non-productive binding and substrate inhibition in AcP 
Two different binding modes of ions were observed for Ph AcP G91A (unpublished 
data, by Ms. Sonia Y. Lam) and bovine CT AcR^^ PhAcP was crystallized with its active 
site bound with one phosphate ion and one water molecule. The same water molecule, 
which makes hydrogen bond with the active site residue Asn 41, is found in the Hu CT 
AcP structure (Figure 4.9). It is believed that the water molecule is positioned by the 
active site residue Asn 41 for the hydrolysis of the carboxyl phosphate bond of the 
substrate. In bovine CT AcP, there is a sulphate ion and a chloride ion that occupies the 
active site. As the active site of Hu CT AcP is highly similar to that of the other two 
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AcPs, it is believed that the two modes of binding sites are also present and valid in Hu 
CTAcR 
Two complexes of AcP bound with phosphate ion are modeled for Hu CT AcP 
(Figure 4.10). The first model has the phosphate ion positioned as observed in the 
phosphate ion in Ph AcP G91A，in which the phosphate ion make extensive hydrogen 
bond or electrostatic interaction with the residues in the active site cradle. This proposed 
phosphate binding mode enables the substrate of AcP, the acyl phosphate, to be 
positioned in an active orientation for the nucloephilic attack of the water molecule? 
The second model has the phosphate ion positioned as observed in the sulphate ion in 
bovine CT AcP, in which the phosphate ion make less interaction with the residues in 
the active site cradle. This proposed phosphate binding mode leads to the 
non-productive binding of the substrate to the active site. Hydrolysis of the acyl 
phosphate would not be catalyzed for this binding. 
These findings explain the structural basis of substrate inhibition observed in Hu 
CT AcR More than one substrate binding sites are available for AcP, and only one of 
them is active for catalysis to occur. At low substrate concentration, most substrate 
molecules bind in a productive way, as the substrate has higher affinity to this site then 
the non-productive one. However, increased proportion of BP will bind non-
productively to active site at higher BP concentration, leading to the substrate inhibition. 
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Figure 4.9 Water molecule at the active site structure of Hu CT AcP 
One water molecule was found at the active site of Human CT AcP. It is in the same 
position as observed in Ph G91A and believed to be the active attacking nucleophile for 
the hydrolysis of the carboxyl phosphate bond. 
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Figure 4.10 Modeling productive and non-productive binding of Pi to Hu CT AcP 
The upper panel shows the productive binding of a phosphate ion to the active site of 
Hu CT AcP, while the lower one shows the non-productive binding. 
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Chapter 5 Investigation on the effect of salt bridge on acylphosphatase- substrate 
analogue interaction 
5.1 Introduction 
It has been proposed that the presence and absence of salt bridge contribute to the 
difference in flexibility of the active site residue of homologous AcPs，and thus the 
difference in their enzyme activity. By comparing the structure of the mesophilic Hu CT 
AcP and that of the thermophilic Ph AcP, it was found that a salt bridge linking the 
C-terminal residue and the active site arginine was observed in the thermophilic 
homologue. It was proposed that the presence of salt bridge at the active site of Ph AcP 
causes a reduction in the flexibility of the active site arginine, and thus a reduction in its 
catalytic efFiciency.^ ^ 
To further confirm this, mutants were created to provide salt bridge homologue to 
Hu CT AcP and Ph AcR A salt bridge was introduced into Hu CT AcP by site directed 
mutagenesis. The C-terminal lysine residue of the Hu CT AcP was mutated to glycine, 
so that it can adopt the required phi angle to form the salt bridge with the active site 
Arg23. This mutant is denoted by Hu CT AcP K99G. On the other hand, the salt bridge 
linking the C-terminal glycine to the active site Arg20 was removed from Ph AcP by 
mutating the C-terminal glycine to an arginine, so that it can no longer adopt the 
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required phi angle to form the salt bridge. This mutant is denoted by Ph AcP G91A. 
Another mutant Hu CT AcP K99A was created as a pseudo-wide type, in which the 
C-terminal lysine residue was mutated to a arginine as a parallel control of Hu CT AcP 
to the PhAcP G91A. 
All mutants were successfully cloned, expressed and purified. Structures of the 
mutants were solved by X-ray crystallography. The salt bridge was successfully 
constructed for Hu CT AcP K99G by the mutation, while there was no salt bridge in Hu 
CT AcP K99A and Ph AcP G91A. The distribution of salt bridge in AcP variants is 
summarized in the following table. 
AcP Salt bridge 
Hu CTAcP (WT) • 
Hu CTAcPK99A • 
HuCTAcPK99G • 
PhAcP(WT) • 
PhAcP G91A • 
The salt bridge at the active site of AcP has been shown to reduce the flexibility of 
the active site and hence the activity of AcP, by the continuous optical assay using BP as 
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substrate (unpublished data, by Ms. Sonia Y. Lam). The effects of the salt bridge on the 
enzyme-substrate interaction were further studied by ITC. 
While enzymatic assay and basic ITC study identify S-BA to be the best substrate 
analogue for AcP, the mode of their binding and in particular the effect of salt bridge on 
such binding could not be discriminated clearly. The determination of the 
thermodynamics parameters for the formation of complex provides an invaluable 
characterization of the interaction. The enthalpic term (AH) from the ITC data 
represents the contribution from the formation or removal of non-covalent bonds in the 
system; while the entropic term (AS) gives the quantitative value for the change in order 
of the system, including changes in conformation of the structure and the binding or 
release of solvent molecules to or from the interacting molecules. Thus, determination 
can give a clearer understanding of the important elements of binding. In combination 
with structural information, the thermodynamics of binding can provide a complete 
dissection of the interaction and aid in identifying the most important regions of the 
interface and the energetic contributions.The change in heat capacity (ACp) derived 
from the temperature dependence of enthalpic changes for protein ligand interaction, 
has been widely recognized as one of the most valuable thermodynamic parameters for 
inferring structural changes in proteins.^ '^^ '^^ '^^ ^ 
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5.2 Thermodynamic study on the binding of S-BA with AcPs 
5.2.1 Determination of thermodynamic parameters of interaction between AcP and 
substrate analogue 
S-BA was determined to be the best substrate analogue for AcP, and it was used for 
the study of the enzyme-substrate interaction of different AcP variants. The MJ, K and n 
directly obtained from ITC allows the simultaneous determination of AG and TAS, 
calculated by the following equations respectively: AG=-RTlnK (where R=8.3144 J 
mor^K"^ K = binding constant) and AG=AH-TAS (Table 5.1). AcP of same species 
possess virtually the same binding free energy. For Ph AcPs the AG values were around 
24 kJ mo\'\ while for Hu CT AcPs the AG values were around 23 kJ mo\'\ For better 
visualization and comparison the thermodynamics parameters, a bar chart was plotted 
showing the AG, AH and TA^ values of different AcPs (Figure 5.1). All interactions 
possessed a similar constitution, where the binding is strongly governed by entropy. In 
contrast enthalpy contributed a less extent in the free energy of binding. A slightly 
different thermodynamic profile is observed when we compare AcPs with or without 
salt bridge. The binding of S-BA to AcPs without salt bridge, the Ph WT and Hu CT 
K99G, is less enthalpically driven and more governed by entropy than their counterpart 
having salt bridge, which is the Ph G91A, Hu CT WT and Hu CT K99A. 
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AcP Salt bridge KaM'^  JG(kJmor^) J//(kJmor^) TzfS'(kJ mor') 
P h W T • 16600士2900 -24.0±0.6 -5.35 士 0 .50 18.7 士 0 . 8 
P h G 9 1 A • 2 2 3 0 0 士 1 9 0 0 -24.8士0.3 -10.6 士 0 . 4 0 14.2 士 0 . 5 
H U C T K 9 9 G • 12800±1300 -23.4士0.4 - 5 . 6 5 ± 0 . 3 1 17 .8士0.5 
H U C T K 9 9 A • 13200士700 - 2 3 . 5土 0 . 2 -8.36土0.76 1 5 . 1 士0.8 
H u C T W T • 10800±1500 - 2 3 . 0 士 0 . 5 -9.58 士 1 . 2 5 1 3 . 4 士 1.3 
Table 5.1 Thermodynamic parameters obtained for different AcPs 
The A//, K and n directly obtained from ITC allows the simultaneous determination of 
AG and TAS, calculated by the following equations respectively: AG=-RTlnK and 
AG=A//-TM. The absence or presence of salt bridge at the active site is also shown. 
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Figure 5.1 Graphical illustration of the thermodynamic parameters obtained for 
different AcPs 
The free energy of binding (AG, purple) is factorized into enthalpic (A/f, blue) and 
entropic (TA^ S, green) contributions. Whereas all of the interactions possess a similar 
constitution, a slightly different thermodynamic profile is observed: binding of Ph WT 
and Hu CT K99G is less enthalpically driven, and are more governed by entropy when 
they are compared to their counterparts having salt bridge. 
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5.2.2 Determination of thermodynamic parameters as a function of temperature 
To further explore the mode of interactions of S-BA with AcP, and to investigate 
the influence of salt bridge on the binding properties, we analyzed the interaction 
between S-BA and Ph WT and Ph G91A as a function of temperature between 25 and 
75 The thermodynamic parameters derived from the temperature-dependent titration 
are summarized in Table 5.2. AG and AS were calculated by the following equations 
respectively: AG=-RTlnK and AG=AH-TAS. ACp(=AH/AT) was determined from the 
slope of the linear fit in Fig 5.3 and it will be further discussed in later session. Figure 
5.2 is the graphically representation of the thermodynamic parameters as a function of 
temperature; the top panel shows the result for Ph WT and the bottom one shows that of 
Ph G91A. 
In the case of Ph WT, both AH AS showed clear temperature dependence, in which 
both decrease linearly with an increase in temperature. AS varied in a compensatory 
manner with AH. The free energy of binding did not vary greatly with temperature. For 
Ph G91A, both AH AS also showed clear temperature dependence, but different from Ph 
WT they increase linearly with an increase in temperature. The free energy of binding 
also increased slightly with temperature. In any cases the interaction is entropically 
driven at all temperature. 
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Ph Temp K A// AG 7A5 M AQ? 
AcP (K) (kJmol-i) (kJmori) (kJmor') (Jmol-'K"') (Jmol-'K"') 
WT 298.00 16600±2900 -5.35±0.51 -24.0±0.5 18.7±0.7 62.7士 2.38 -101.07 
308.00 14800±3300 -6.20士 0.14 -23.7±0.8 17.5±0.8 56.91±2.66 
318.00 25300±12800 -6.61土0.42 -25.1土 0.1 18.5±0.4 58.19士 1.35 
328.00 19900±1500 -8.19±0.06 -24.5±0.3 16.3±0.3 49.78±0.82 
348.00 12300±1200 -10.3±0.4 -23.3±0.4 13.0±0.6 37.32±1.55 
G91A 298.00 22300±1900 -10.6±0.4 -24.8±0.3 14.2 士0.5 47.6士 1.71 +112.38 
308.00 12400±800 -7.22±0.08 -23.4±0.2 16.2±0.2 52.5±0.8 
318.00 6200±2400 -7.55±0.01 -22.1±1.4 14.6±1.4 45.8土 4.5 
328.00 7700±2100 -5.94士0.20 -22.1±1.0 16.1±1.0 49.2±3.0 
348.00 6600±900 -4.35±0.07 -21.9士0.5 17.5± 0.5 50.4士 1.4 
Table 5.2 Temperature dependence of thermodynamic parameters of Ph WT and 
Ph G91A 
All values except AQ? are means of three independent data±SE. n，Ka and A// were 
determined directly from the integrated curve from ITC. AG, ISS and ACp were 
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Figure 5.2 Graphical representation of the thermodynamic parameters as a 
function of temperature for Ph WT and Ph G91A 
All thermodynamic parameters depend linearly in the temperature range being studied 
(25 to 75 °C). The interaction is entropically driven at all temperature. 
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5.3 Discussion 
5.3.1 The presence of salt bridge leads to a reduced flexibility at the substrate 
binding active site 
Mutants of AcP were created to remove or construct the salt bridge at the active 
site. The mutants were subjected to ITC measurement to determine the thermodynamic 
parameters of the interaction between AcP with S-BA. In our study, the presence of salt 
bridge leads to a greater entropic contribution in the binding (i.e. a greater contribution 
in - T M in AG which is equal to AH-TAS). This can be explained by the reduced 
flexibility of the active site in the presence of salt bridge. The C-terminal glycine forms 
a salt bridge to the active site arginine, thus restricting the movement at the active site 
and form a more ordered complex structure. In contrast AcPs without salt bridge have a 
more flexible active site, as the active site arginine can move freely without the 
hindrance of the salt bridge. Therefore upon binding to S-BA, active site without salt 
bridge will lose more entropy through the restriction of the degrees of freedom of the 
addition bonds, as observed by the smaller entropic contribution (smaller -TA^ value). 
The binding affinity, however, is not affected by the presence of salt bridge; the 
greater entropic contribution was compensated by a smaller enthalpic contribution. As a 
result, the AG is not much affected and it remained more or less constant with the 
increase of temperature. 
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5.3.2 The single salt bridge reduces the flexibility of active site in both study on 
thermodynamics of binding and thermodynamics of activation 
The thermodynamics of binding that we have studied on different salt bridge 
homologues shows that presence of salt bridge has reduced the flexibility of the active 
site and a greater entropic contribution in the binding (larger AS value) upon binding to 
the substrate analogue. 
The thermodynamics of activation salt bridge homologues has also been studied 
(unpublished date, by Ms Sonia Y. Lam). It was suggested that enzymes from 
thermophilic organisms that grow at elevated temperatures have to remain stable and 
active in this extreme environment, however they are often more sluggish at lower 
temperatures. The reduced flexibility is often regarded as the reason for the differences 
in catalytic efficiency. The effect of salt bridge on the activity and flexibility 
relationships of enzymes was investigated by measuring their activity of BP hydrolysis 
# 
as a function of temperature, yielding the thermodynamic parameters of activation AG， 
M f and A^. 
Table 5.3 shows the TA<S values for two pairs of salt bridge analogue (Ph WT and 
Ph G91A，Hu CT K99G and Hu CT K99A) in the thermodynamics study on binding 
and thermodynamics study on activation. The TAAS values, which are derived from the 
TA5' values for the salt bridge mutants minus that of the mutants without salt bridge, are 
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positive in same sign. In both studies AcPs with the salt bridge have a larger T M value 
than the AcPs without salt bridge, which implies a smaller entropy lost and a more rigid 
active site. The thermodynamics study on binding and activation complementarily 
agrees each other that the salt bridge made a more rigid active site. Comparison of the 
TAAS values obtained in the thermodynamics study on binding and activation also 
shows that the salt bridge imposes the same effect on reducing the flexibility at the 
active site, but through a greater contribution at the thermodynamics of activation rather 
than that of binding. 
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r ^ T M for T A M f ^ TAS for TAM for 
AcP bridge binding binding activation activation 
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) 
WT 
— 4.5 士 0.9 18.5 
PhAcP 口 14.2.0.5 -32.2 
G91A 
Hu CT • … A C c 
17.8 士 0.5 -5 
2.7土0.9 23.3 
HuCT • 15.1 士 0.8 -28.3 
K99A 
Table 5.3 Both studies on thermodynamics of binding and thermodynamics of 
activation reveal a more rigid active site with the presence of salt bridge 
TAS values from study on thermodynamics of binding and thermodynamics of 
activation were shown; TAAS values derived from the TA5 values for the salt bridge 
mutants minus that of the mutants without salt bridge. 
96 
5.3.3 Temperature dependence of the thermodynamic parameters and heat 
capacity change AQ? 
5.3.3.1 Change in heat capacity reveals the nature of the complex interface 
AQ? has been used to estimate the amount of polar and nonopolar surface buried 
on the formation of complex. The largest contribution to ACp results from the burial of 
hydrophobic surface area upon binding, the correlation also includes the effects of polar 
surfaces. Water molecules on a hydrophobic surface become ordered and their 
non-covalent bonds have energetically different vibrational modes resulting in a 
different heat capacity to water in the bulk solvent. On forming a macromolecular 
complex, the resulting burial of hydrophobic surface means that this order is removed 
from the system and there is a net change in heat capacity. The accurate determination 
of the ACp using ITC is obviously of fundamental importance in exploring these 
correlations. 
Most characterized protein-ligand association reactions that display a change in 
heat capacity occur with negative AQ? values, which are often attributed to water 
reorganization arising from a reduction in the accessible hydrophobic surface areas 
accompanying complex formation (i.e. the hydrophobic effect). Positive AQ? are less 
common and are typically attributed to an increased solvent-exposed hydrophobic 
surface area, dehydration of polar surface areas, or structural transitions in the 
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bimolecular complex. Other factors contributing to a positive value of AQ? includes 
changes in the ligand conformation and changes in the protein structure as a result of the 
ligand binding，” 
5.3.3.2 Determination of heat capacity change ls£p 
ACp (=A///AT) was determined from the slope of the linear fit in Fig 5.4, where the 
bM of Ph WT and Ph G91A was shown as a function of temperature. Over a certain 
temperature range, the temperature dependence of A// is given by A// = M P + AQ?(r 
-jy，where A//° is the binding enthalpy at an arbitrary reference temperature T^ and 
AQ? is the heat capacity change of binding. The value of AQ? as determined was 
-101.07 J mol-i K.i for Ph WT, and it was +112.38 J mor^ K"^  for Ph G91A. Thus， 
mutating the C-terminal glycine to alanine of PhWT brought about a reversal of the sign 
of heat capacity in the association to the substrate analogue S-BA. 
Temperature dependent ITC analysis has revealed a remarkable difference in the 
binding thermodynamics of AcP salt bridge homologues. For Ph WT the large negative 
value of AQ? observed is usually taken as an indicator of a dominant hydrophobic effect 
related to the binding process. Van der Waals interaction and hydrogen bonding 
between specific groups together with an increased hydrophobic contribution, might 
play a prominent role in the formation of the complex. The burying of water-accessible 
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hydrophobic (nonpolar) surface area which gives rise to the release of bound water 
might also be involved. This agrees with the Ph WT model docked with acetyl 
phosphate by docking stimulation, in which various hydrogen bonds are observed in the 
enzyme-substrate complex. 
For Ph G91A a positive value of AQ? is observed. This unique result may be 
attributed to conformational changes in Ph G91A. Since in both ITC experiment for Ph 
WT and Ph G91A S-BA were under identical solvent conditions and as the basic 
structural framework the active sites of both AcPs for S-BA binding are the same, the 
possibility of positive contribution of AQ? by different solvent-ligand interaction, 
change in the S-BA conformation, and reduction of polar surface area upon binding are 
unlikely. 
Another possibility leading to a positive AQ? value is change in the protein 
structure as a result of the ligand binding. In the case of Ph G91A partial 
enthalpy-entropy compensation is also thought to result from the conformational 
transition in Ph G91A. the absence of salt bridge in Ph G91A and thus a higher 
flexibility of the active site or the distal loop 5 is suspected to be the reason. 
Unfortunately in the absence of the crystal structure of AcP with S-BA the comparison 
of buried surface and AQ? and is only speculative. 
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Nevertheless, the comparison of AQ? and the degree of enthalpy-entropy 
compensation between Ph WT and Ph G91A has revealed that the salt bridge 
contributes to significant difference to the mode of interaction with S-BA 
thermodynamically. 
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Figure 5.4 Enthalpy of the binding of S-BA to Ph AcPs as a function of 
temperature 
The value of AQ? as determined from the slope of the linear fit, which was -101.07 J 
mol-i K.i for Ph WT, and +112.38 J mol] K"^  for Ph G91A. A reversal of the sign of 
heat capacity in the association to the substrate analogue S-BA is brought by mutating 
the C-terminal glycine to alanine of PhWT. 
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Chapter 6 Structural determination of acylphosphatase-substrate analogue 
complex 
6.1 Introduction 
Though ITC data has provided valuable information on the binding between S-BA 
and AcP, the details of enzyme substrate interaction will not be fully revealed useless a 
three-dimensional model of the enzyme-substrate analogue interaction at a molecular 
level is solved. Such model can illustrate any structural changes of AcP upon binding, 
and help to understand the mechanism of enzyme substrate interaction and catalysis of 
AcR Soaking and cocrystallization are two common approaches used in seeking 
cocrystal structures of the protein with the ligand of interest. The structure can be 
solved by X-ray crystallography with crystal of AcP soaked with S-BA or grow the 
crystal in buffer containing S-BA. 
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6.2 Soaking and cocrystallization failed to give cocrystal structure of Hu CT AcP 
and S-BA 
Initial conditions were obtained by Crystal Screen 1 and 2 kits and Index Screen 
from Hampton Research. Crystallization conditions with phosphate, sulphate or chloride 
ion which would possibly compete with S-BA for the substrate binding active site were 
avoided. The condition with most optimal condition was found to be O.IM Bis-Tris， 
25% PEG 3350, pH 6.0. Further attempt of fine tuning of crystallization condition 
yielded crystals in conditions ranging from O.IM Bis-Tris, 20-30% PEG 3350, pH 
6.0-7.0. Crystals from these conditions were soaked in the mother liquor dissolved with 
30 mM of S-BA for 10 minutes, 30 minutes, 2 hours, 4 hours or overnight. Crystal 
cracking or dissolution was occasionally occurred and those crystals had poor 
diffraction quality and were not further processed. 
For cocrystallization, initial conditions were obtained by Crystal Screen 1 and 2 kits 
and Index Screen from Hampton Research. Crystals were obtained in an initial 
condition of O.IM Bis-Tris, 25% PEG 3350，pH 6.0. Further attempt of fine tuning of 
crystallization condition was performed with 96 conditions ranging from O.IM NaOAc 
pH 4.5-5.5 or O.IM Bis-Tris pH 6.0-7.0，10-40% PEG 200, 400，3350, 4000，6000 or 
8000 or MME 2000 or 5000. In general crystals were formed in high PEG or MME 
concentrations and the effect of pH was not significant. 
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Crystals were cryoprotected by soaking the crystals in mother liquor with 20%(v/v) 
PEG 400 before x-ray diffraction. Model building and structural refinement was 
performed as previously described in chapter 3 for the structural determination of 
apocrystal of Hu CT AcP. 
For both soaking and cocrystallization all structures successfully obtained gave 
similar diffraction quality to around 1.8 A. They were all in space group P2\2\2u 
having similar cell dimensions (a = 42.58, b = 47.23, c = 57.26 A for apoform Hu CT 
AcP) and solvent content of around 40%. Only an ambiguous electron density was 
observed at the active site cradle where the substrate analogue was supposed to be 
located, and it is unable to explain the presence of S-BA in the structure (Figure 6.1). To 
conclude both approaches of soaking and cocrystallization did not give successful 
cocrystal structure of Hu CT AcP and S-BA. 
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Figure 6.1 S-BA is unable to be modeled into the electron density near the active 
site 
An ambiguous electron density was observed in the active site cradle where the 




6.4.1 Hu CT AcP and S-BA is not compatible with cocrystal formation 
The failure in obtaining the cocrystal structure may due to the incompatibility of 
the complex for cocrystal formation. The bulky acyl group of S-BA that may be directed 
out of the active site cradle may cause such incompatibility. The cracking or dissolution 
observed during the soaking of the apocrystal to buffer containing S-BA may reflect 
that the binding are not compatible with the crystal lattice-packing interactions. The 
lattice packing in the apocrystal form includes interactions that inhibit access to the 
binding site, or if steric hindrance or incompatible conformational changes occur upon 
ligand binding. Moreover, even if the crystals appear intact after soaking, ligand may 
not bind to the active site successfully. As in our study we cannot find any reasonable 
electric density of the ligand in the soaked structure. It will be useful to obtain multiple 
crystal forms so that the limitations of one form may be overcome in a second packing 
arrangement. However for all the apocrystal obtained were of similar crystal forms. 
In addition, in some cases there may be concern that the binding mode observed in 
a soaked structure may not accurately represent the solution binding mode. Adding a 
ligand to the target protein to form a complex in solution prior to crystallization 
(cocrystallization) may overcome this problem and should be considered. However in 
cocrystallization crystal structures of similar quality as soaking were observed. There is 
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possibility that both the apoprotein and ligand-protein complex incorporate into the 
crystal at some level. This incorporation might have led to a negative effect on the 
lattice formation with the ambiguous electron density appeared at the active site cradle. 
Starting the cocrystallization experiment with the highest homogeneity and maximum 
ligand-protein occupancy should provide the best chance of growing high-quality 
ligand-protein crystals. In our case ratios of ligand to protein of over 10:1 were used. A 
larger excess of ligand is limited by the solubility of S-BA in aqueous solution. 
6.5 Future prospect 
6.5.1 Structure determination by NMR spectroscopy 
As obtaining crystal for Hu CT AcP and S-BA failed, the solution structures of free 
and bound forms of Hu CT AcP can be solved by NMR spectroscopy. This would have 
an advantage as a solution structure will be obtained from NMR, instead of a crystal 
structure. This may better reflect the true scenario of the enzyme-substrate complex. 
The dynamics of Hu CT AcP can be characterized by NMR relaxation experiments 
using Hu CT AcP sample with or without substrate analogue. When crystal structure 
determination gives a static picture of AcP in free and bund states, NMR relaxation 
experiments tell us how flexible individual residues are. 
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6.5.2 Structure determination of AcP with aluminofluoride complexes 
The use of aluminum fluoride compounds (AlFx) in the study of phosphoryl 
transfer enzymes has become increasingly common/^'^'^ In these studies AlFx acts as the 
pentacoordinated phosphoryl transfer transition state analogue. Three-dimensional 
structures of the enzyme-AlFx complex and corresponding biochemical data have 
shown that diverse biological problems can be investigated using this small inorganic 
molecule. 
AcP catalyzes the hydrolysis of carboxyl phosphate bonds of acyl phosphates, and 
the phosphate moiety of the substrate has been shown to be the major chemical group 
interacting with the enzyme active site in the formation of the enzyme-substrate 
complex. We should perform enzymatic assay and ITC study to examine the binding 
affinity of AlFx to the active site of AcR Three dimension structures of AcP bound with 
Pi and also that with AlFx should be determined. Structural comparison between the AcP 
bound with phosphate and its transition state and will provide insight into the movement 
involved in catalysis. 
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Chapter 7 Conclusion 
The structure of Hu CT AcP was successfully determined. Hu CT AcP obtained has 
a overall structure and active site structure common to other AcPs. It adopts an a/p 
sandwich fold, consisting of a 5-stranded mixed p sheet with 2 a helices running 
parallel to the p sheet. The active site structure consists of a substrate binding arginine 
and water binding asparagine lying close to each other. Comparison of the mesophilic 
Hu CT AcP structure and thermophilic Ph AcP structure was performed. The salt bridge 
between the active site arginine and the C-terminal residue is only observed in Ph AcP, 
but not in Hu CT AcP. This absence in salt bridge may contribute to a higher flexibility 
at the active site and thus a higher catalytic efficiency of Hu CT AcR 
The binding affinities of different substrate analogues to AcP were studied by 
enzymatic assay and ITC study. Relationship between their structures and their affinities 
to AcP reveals the essential chemical groups for the interaction with AcP. The results 
obtained from the structure-affinity study of substrate analogues is consistent the 
observations from docking model of AcP with acetyl phosphate, which points to the 
importance of the carbonyl group and bridge oxygen as hydrogen acceptor in the 
formation of hydrogen bonds with the active site. The highest affinity of S-BA to AcP 
among all substrate analogues studied is explained by its possession of both structural 
features, S-BA was found to be the best substrate analogue for AcP. 
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Further study in enzyme kinetics shows that the kinetic parameters are the same as 
those determined in previous studies. Substrate inhibition was evident at high substrate 
concentration. This observation can be explained and viewed in a structural basis. Two 
different modes of substrate binding may be possible for AcP, as observed by the 
phosphate ion in the crystal structure of PhAcP G91A; and the sulphate ion in the 
crystal structure of bovine CT AcP. The former binding is productive and leads to the 
catalytic hydrolysis of the substrate while the latter one is not. Taken together, The 
non-productive binding leads to the observation of substrate inhibition in high 
concentration of substrate. 
S-BA was used in the thermodynamic study to test if the salt bridge at the active 
site contributes to any difference in the substrate binding. It was shown that AcP without 
salt bridge have a greater entropy lost upon binding, showing that it has a more flexible 
binding site. S-BA was further used in temperature dependent thermodynamic study of 
the salt bridge homologue Ph WT and Ph G91A. Ph WT has a negative AQ? as 
commonly observed in other protein ligand binding, while a unique result is observed 
for Ph G91A where the AQ? is positive. Conformational transition upon binding, 
resulting from the destruction of salt bridge, is proposed to be the reason for this unique 
observation. 
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Finally soaking and cocrystallization were attempted to obtain the cocrystal 
structure of Hu CT AcP and S-BA. Both methods failed probably due to bulky acyl 
group of S-BA which is incompatibile with the crystal formation of Hu CT AcP. As 
obtaining crystal for Hu CT AcP and S-BA failed, the solution structures of free and 
bound forms of Hu CT AcP can be solved by NMR spectroscopy. Investigation on AcP 
interaction with AlFx can gives insights into catalytic mechanism of AcP. 
I l l 
Reference 
1 • Stefani，M.，Taddei, N. & Ramponi，G. Insights into acylphosphatase structure and 
catalytic mechanism. Cellular and molecular life sciences : CMLS 53, 141-151 
(1997). 
2 . HARARY, I. The hydrolysis of 1,3-diphosphoglyceric acid by acyl phosphatase. 
Biochimica et biophysica acta 26, 434-6 (1957). 
3 . Ramponi, G. et al. Acylphosphatase increases the rate of ethanol production from 
glucose in cell-free extracts of Saccharomyces cerevisiae. Biotechnology and applied 
biochemistry 10，408-413 (1988). 
4 . Raugei, G. et al. Expression of acylphosphatase in Saccharomyces cerevisiae 
enhances ethanol fermentation rate. Biotechnology and applied biochemistry 23 ( Pt 
3), 273-278(1996). 
5 • Dan'shina, P.V. et al. Acceleration of glycolysis in the presence of the 
non-phosphorylating and the oxidized phosphorylating glyceraldehyde-3-phosphate 
dehydrogenases. Biochemistry. BiokhimiiUa 68, 593-600 (2003). 
6 . Ohba, Y., Mizuno, Y. & Shiokawa, H. Ontogenic expression of the two isozymes, 
Chi and Ch2, of chicken muscle acylphosphatase. Journal of Biochemistry 105, 
173-7 (1989). 
112 
7 . Nassi, P. et al. Effects of acylphosphatase on the activity of erythrocyte membrane 
Ca2+ pump. The Journal of biological chemistry 266, 10867-10871 (1991). 
8 . Nediani, C. et al. Acylphosphatase: a potential modulator of heart sarcolemma 
Na+，K+ pump. Biochemistry 34，6668-74 (1995). 
9 . Nediani, C. et al. Stimulation of cardiac sarcoplasmic reticulum calcium pump by 
acylphosphatase. Relationship to phospholamban phosphorylation. The Journal of 
biological chemistry 271, 19066-73 (1996). 
10. Paoli, P. et al. Acylphosphatase possesses nucleoside triphosphatase and nucleoside 
diphosphatase activities. The Biochemical journal 349，43-49 (2000). 
11. Cappugi，G. et al. The complete amino acid sequence of horse muscle 
acylphosphatase. The Journal of biological chemistry 255, 6868-6874 (1980). 
12. Camici，G. et al. Predicted secondary structure of horse muscle acylphosphatase. 
Comparison with circular dichroism measurements. Physiological Chemistry and 
Physics 13, 267-273 (1981). 
13. Berti, A. et al. Purification of horse muscle acylphosphatase antibodies by affinity 
chromatography. Physiological Chemistry and Physics 14，307-311 (1982). 
14. Camici, G. et al. The complete amino acid sequence of bovine skeletal muscle 
acylphosphatase. The Italian journal of biochemistry 35, 1-15 (1986). 
113 
15. Pazzagli, L. et al. Bovine testis acylphosphatase: purification and amino acid 
sequence. Journal of protein chemistry 12, 593-601 (1993). 
16. Thunnissen, M.M. et al. Crystal structure of common type acylphosphatase from 
bovine testis. Structure (London, England: 1993) 5，69-79 (1997). 
17. Manao, G. et al. Human skeletal muscle acylphosphatase: the primary structure. 
Molecular biology & medicine 2，369-378 (1984). 
18. Degl'Innocenti, D. et al. Immunoaffinity purification and immunoassay 
determination of human erythrocyte acylphosphatase. Biotechnology and applied 
biochemistry 12，450-459 (1990). 
19. Manao, G. et al. Rabbit skeletal muscle acylphosphatase: the amino acid sequence 
of form Ral. Archives of Biochemistry and Biophysics 241，418-424 (1985). 
20. Liguri，G. et al. Studies on synthesis and degradation rates and some molecular 
properties of guinea-pig muscle acylphosphatase. The Biochemical journal 217, 
499-505(1984). 
21. Camici, G. et al. The primary structure of turkey muscle acylphosphatase. European 
journal of biochemistry / FEES 137，269-277 (1983). 
22. Pazzagli, L. et al. The amino acid sequences of two acylphosphatase isoforms from 
fish muscle (Lamna nasus). Biochimica et biophysica acta 1387, 264-274 (1998). 
114 
23. Fieri, A. et al. Drosophila melanogaster acylphosphatase: a common ancestor for 
acylphosphatase isoenzymes of vertebrate species. VEBS letters 433, 205-210 (1998). 
24. Degl'Innocenti, D. et al. Characterization of a novel Drosophila melanogaster 
acylphosphatase. VEBS letters 535, 171-174 (2003). 
25. Cheung, Y.Y. et al. Crystal structure of a hyperthermophilic archaeal 
acylphosphatase from Pyrococcus horikoshii—structural insights into enzymatic 
catalysis, thermostability, and dimerization. Biochemistry 44，4601-4611 (2005). 
26. Zuccotti, S. et al. Preliminary characterization of two different crystal forms of 
acylphosphatase from the hyperthermophile archaeon Sulfolobus solfataricus. Kcta 
Crystallographica. Section F, Structural Biology and Crystallization 
Communications 61, 144-6 (2005). 
27. Chiti，F. et al. Designing conditions for in vitro formation of amyloid protofilaments 
and fibrils. Proceedings of the National Academy of Sciences of the United States of 
America 96, 3590-3594 (1999). 
28. Chiti, F. et al. Rationalization of the effects of mutations on peptide and protein 
aggregation rates. Mature 424，805-808 (2003). 
29. Chiti, F. et al. Mutational analysis of acylphosphatase suggests the importance of 
topology and contact order in protein folding. Mature Structural Biology 6, 1005-9 
(1999). 
115 
30. Chiti，F. et al. Mutational analysis of the propensity for amyloid formation by a 
globular protein. The EMBO journal 19, 1441-1449 (2000). 
31. Taddei，N. et al. Stabilisation of alpha-helices by site-directed mutagenesis reveals 
the importance of secondary structure in the transition state for acylphosphatase 
folding. Journal of Molecular Biology 300，633-647 (2000). 
32. Chiti, F. et al. Reduction of the amyloidogenicity of a protein by specific binding of 
ligands to the native conformation. Protein science : a publication of the Protein 
Society 10, 879-886 (2001). 
33. Taddei, N. et al. Folding and aggregation are selectively influenced by the 
conformational preferences of the alpha-helices of muscle acylphosphatase. The 
Journal of biological chemistry 276, 37149-37154 (2001). 
34. Chiti, F. et al. Kinetic partitioning of protein folding and aggregation. Mature 
structural biology 9, 137-143 (2002). 
35. Calamai，M. et al. Relative influence of hydrophobicity and net charge in the 
aggregation of two homologous proteins. Biochemistry 42, 15078-15083 (2003). 
36. Pastore, A. et al. Three-dimensional structure of acylphosphatase. Refinement and 
structure analysis. Journal of Molecular Biology 224, 427-440 (1992). 
116 
37. Zuccotti, S. et al. Three-dimensional structural characterization of a novel 
Drosophila melanogaster acylphosphatase. Acta crystallographica. Section D, 
Biological crystallography 60，1177-9 (2004). 
38. Liguri, G. et al. A new acylphosphatase isoenzyme from human erythrocytes: 
purification, characterization, and primary structure. Biochemistry 25, 8089-8094 
(1986). 
39. Taddei，N. et al. Arginine-23 is involved in the catalytic site of muscle 
acylphosphatase. Biochimica et biophysica acta 1208, 75-80 (1994). 
40. Taddei, N. et al. Looking for residues involved in the muscle acylphosphatase 
catalytic mechanism and structural stabilization: role of Asn41, Thr42, and Thr46. 
Biochemistry 35，7077-7083 (1996). 
41. Taddei, N. et al. Structural and kinetic investigations on the 15-21 and 42-45 loops 
of muscle acylphosphatase: evidence for their involvement in enzyme catalysis and 
conformational stabilization. Biochemistry 36, 7217-7224 (1997). 
42. Zavodszky, P. et al. Adjustment of conformational flexibility is a key event in the 
thermal adaptation of proteins. Proceedings of the National Academy of Sciences of 
the United States of America 95，7406-7411 (1998). 
43. Hollien，J. & Marqusee，S. A thermodynamic comparison of mesophilic and 
thermophilic ribonucleases H. Biochemistry 38, 3831-6 (1999). 
117 
44. Fitter, J. et al. Activity and stability of a thermostable alpha-amylase compared to its 
mesophilic homologue: mechanisms of thermal adaptation. Biochemistry 40， 
10723-31 (2001). 
45. Svingor, A. et al. A better enzyme to cope with cold. Comparative flexibility studies 
on psychrotrophic, mesophilic, and thermophilic IPMDHs. The Journal of biological 
chemistry 216, 28121-28125 (2001). 
46. Collins, T. et al. Activity, stability and flexibility in glycosidases adapted to extreme 
thermal environments. Journal of Molecular Biology 328, 419-428 (2003). 
47. Georlette，D. et al. Structural and functional adaptations to extreme temperatures in 
psychrophilic, mesophilic, and thermophilic DNA ligases. The Journal of biological 
chemistry 278, 37015-37023 (2003). 
48. Feller, G. & Gerday，C. Psychrophilic enzymes: hot topics in cold adaptation. 
Mature reviews.Microbiology 1, 200-208 (2003). 
49. Fields, P.A. & Somero，G.N. Hot spots in cold adaptation: localized increases in 
conformational flexibility in lactate dehydrogenase A4 orthologs of Antarctic 
notothenioid fishes. Proceedings of the National Academy of Sciences of the United 
States of America 95，11476-11481 (1998). 
50. Freire, E. Isothermal titration calorimetry: controlling binding forces in lead 
optimization. T>rug Discovery Today: Technologies 1, 295-299 (2004). 
118 
51. The CCP4 suite: programs for protein crystallography. Kcta Crystallographica. 
Section D, Biological Crystallography 50，760-3 (1994). 
52. Vagin, A.A. & Isupov，M.N. Spherically averaged phased translation function and 
its application to the search for molecules and fragments in electron-density maps. 
kcta Crystallographica. Section D, Biological Crystallography 57, 1451-6 (2001). 
53. Brunger, A.T. et al. Crystallography & NMR system: A new software suite for 
macromolecular structure determination. Acta crystallographica. Section D, 
Biological crystallography 54, 905-921 (1998). 
54. McRee，D.E. XtalView/Xfit-A versatile program for manipulating atomic 
coordinates and electron density. Journal of structural biology 125, 156-165 (1999). 
55. Murshudov, G.N.，Vagin, A.A. & Dodson，E.J. Refinement of macromolecular 
structures by the maximum-likelihood method. Acta Crystallographica. Section D, 
Biological Crystallography 53, 240-55 (1997). 
56. Laskowski, R.A., Moss, D.S. & Thornton，J.M. Main-chain bond lengths and bond 
angles in protein structures. Journal of molecular biology 231, 1049-67 (1993). 
57. Camici, G. et al. A new synthesis of benzoyl phosphate: a substrate for acyl 
phosphatase assay. Experientia 32，535-536 (1976). 
58. Matthews, B.W. Solvent content of protein crystals. Journal of Molecular Biology 
33，491-7 (1968). 
119 
59. Laskowski, R.A. et al. AQUA and PROCHECK-NMR: programs for checking the 
quality of protein structures solved by NMR. Journal of Biomolecular NMR 8, 
477-86 (1996). 
60. Vriend, G. WHAT IF: a molecular modeling and drug design program. Journal of 
Molecular Graphics 8, 52-6, 29 (1990). 
61. Thunnissen, MM. et al. Crystallisation and preliminary X-ray analysis of the 
'common-type' acylphosphatase. ¥EBS letters 364, 243-244 (1995). 
62. Paoli, P. et al. Common-type acylphosphatase: steady-state kinetics and 
leaving-group dependence. The Biochemical journal 327 ( Pt 1), 177-184 (1997). 
63. Paoli, P. et al. A nucleophilic catalysis step is involved in the hydrolysis of aryl 
phosphate monoesters by human CT acylphosphatase. The Journal of biological 
chemistry 278, 194-199 (2003). 
64. Ladbury, J.E. Isothermal titration calorimetry: application to structure-based drug 
design. Thermochimica Acta 380, 209-215 (2001). 
65. Freire, E. Isothermal titration calorimetry: controlling binding forces in lead 
optimization. Drwg Discovery Today: Technologies 1, 295-299 (2004). 
66. Banerjee, M. et al. Sulfonamide drugs binding to the colchicine site of tubulin: 
thermodynamic analysis of the drug-tubulin interactions by isothermal titration 
calorimetry. Journal of Medicinal Chemistry 48，547-55 (2005). 
120 
67. Morgunova, E. et al. Structural and thermodynamic insights into the binding mode 
of five novel inhibitors of lumazine synthase from Mycobacterium tuberculosis. The 
FEBS Journal 273, 4790-804 (2006). 
68. Hanson, W.M. et al. Rigidification of a flexible protease inhibitor variant upon 
binding to trypsin. Journal of Molecular Biology 366，230-43 (2007). 
69. Steuber, H.，Heine, A. & Klebe，G. Structural and thermodynamic study on aldose 
reductase: nitro-substituted inhibitors with strong enthalpic binding contribution. 
Journal of Molecular Biology 368, 618-38 (2007). 
70. Robblee, J.R et al. Thermodynamics of nucleotide binding to actomyosin V and VI: 
a positive heat capacity change accompanies strong ADP binding. Biochemistry 44， 
10238-49 (2005). 
71. Niedzwiecka, A. et al. Positive heat capacity change upon specific binding of 
translation initiation factor eIF4E to mRNA 5' cap. Biochemistry 41, 12140-8 (2002). 
72. Danley，D.E. Crystallization to obtain protein-ligand complexes for structure-aided 
drug design. Acta Crystallographica. Section D, Biological Crystallography 62， 
569-75 (2006). 
73. Strunecka, A., Strunecky, O. & Patocka，J. Fluoride plus aluminum: useful tools in 
laboratory investigations, but messengers of false information. Vhysiological 
Research /Academia Scientiarum Bohemoslovaca 51, 557-64 (2002). 
121 
74. Wittinghofer, A. Signaling mechanistics: aluminum fluoride for molecule of the year. 




. • 1 
I 
1 
• . • . . . 」 





- - . 1 
i 






CUHK L i b r a r i e s 
圓1__111 . 
004561543 • ,' 
— - 1———— ^ A. ^ ；々 . J j 
. . . [ i 一 翁 i ; , 
